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Post-Tensioned Buildings

CHAPTER 5

10 STEPS OF DESIGN OF A POST-TENSIONED FLOOR

Olaya Post-Tensioned Towers (KSA P100)

The information and know-how necessary for de-
sign of a post-tensioned floor system were cited and
discussed in detail in Chapter 4. This information is
applied to two practical design examples in Chapters
6 and 7. The objective of this Chapter is to simply list
the 10 steps that we will follow in design of each of
the two examples. The 10 steps serve as a quick ref-
erence guide to walk us through the design.

It is recognized that, to day, most design firms use
software for their routine designs, where many of the
design steps listed are handled in the background by
the routines of the computer program. The list and
their details in the Chapters that follow also serve to
better understand and evaluate the outcome of auto-
mated designs

Post-Tensioned Buildings

10 STEPS OF DESIGN

1. Selection of Geometry, Sizing of the Members
and Structural System
1.1. Optimum span
1.2. Optimum thickness, slab, column drops,
slab bands, beams
1.3. Selection of load path, support lines and
design strips

2. Selection of Material
2.1. Concrete
2.2. Non-stressed reinforcement—rebar
2.3. Selection of prestressing system and its
design parameters

3. Selection of Loads
3.1. Selfweight
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3.2. Superimposed dead load

3.3. Live load, including lateral loads, if any

3.4. Temperature

Design Parameters

4.1. Design code

4.2. Selection of allowable stresses, exposure to
corrosion and crack width, where applicable
4.3. Deflection criteria (immediate/long-term)
4.4. Fire resistivity to determine cover to rein-
forcement

4.5. Vibration

Selection of Post-Tensioning Design Parameters
5.1 Selection of Tendon Profile and Other Param-
eters, Such as Precompression and Percentage of
load to balance

Selection of Analysis Procedure and Analysis,
Structural Modeling, Analysis and Design

6.1. Strip method (simple frame or equivalent
frame), optimization capability

6.2. Finite Elements (ADAPT-Floor Pro)
Extraction of Design Values and Code Check for
Serviceability Limit State (SLS)

7.1. Load combinations

7.2. Stress check

7.3. Crack width control, where applicable

7.4. Minimum reinforcement

7.5. Deflection check

Code Check for Strength; Ultimate Limit State (ULS)
8.1. Load combination

8.2. Determination of hyperstatic actions

8.3. Calculation of design moments

8.4. Strength design for bending and ductility

Post-Tensioned Buildings

8.5. Punching shear check or one-way shear
8.6. Design for transfer of column moment to slab
9. Check for Initial Condition
9.1. Load combination and determination of de-
sign values
9.2. Stress check and provision of reinforce-
ment, where necessary
10. Structural Detailing
10.1 Detailing of rebar (rebar not determined by
calculation)
10.2 Detailing of tendons

The above steps are followed by:
« Generation of structural drawings
 Generation of fabrication (shop) drawings

SPECIAL CONDITIONS

Depending on the application, or the function of the
floor system special considerations, such as those
listed below may be necessary

1—Vibration evaluation

2—Diaphragm design of the floor system for lateral
loads

3—Participation of floor to act in frame action with
walls and columns in resisting wind and seismic
forces

Refer to Chapters 6 for the application of the steps
listed to design of a column-supported floor system,
and Chapter 7 for design of a beam frame.

CHAPTER 6

POST-TENSIONED FLOOR DESIGN
STEP-BY-STEP CALCULATION

Post-Tensioned Concrete Frame under Construction
(California, P634)

FOREWORD

This example walks you through the 10 steps of de-
sign of a post-tensioned floor level of a multistory
building. Each of the 10 steps is commented in de-
tail to provide you with the background information
necessary to follow the calculations.

Many aspects of the example selected, such as the ar-
rangement of its floor supports are highly irregular.
The objective in selecting an irregular structure is
to expose you to the different design scenarios that
you may encounter in real life structures, but you
do not find covered in standard textbooks. Design
conditions that are not directly encountered in this
example, but are important to know, are introduced
and discussed as comments.

The floor slab is provided with both column drops

for punching shear, and drop panels for additional
strength in resisting high negative moments over the

Post-Tensioned Buildings

supports. The design example also features different
number of strands along the length of the structure
and change in tendon profile from span to span.

Design operations that are considered common
knowledge, such as the calculation of moments and
shears, once the geometry of a structure, its material
properties and loading are known, are not covered in
detail. You are referred to your in-house frame pro-
grams for their evaluation, or other sections of the
book, where the specific operations are addressed in
greater detail.

The design example covers side by side both the un-
bonded and bonded (grouted) post-tensioning sys-
tems, thus providing a direct comparison between
the design processes of the two options. In addition,
in parallel, the design uses the current American
building codes (ACI-318 and IBC) along with the Eu-
ropean Code (EC2). Where applicable, reference is
made to the UK’s committee report TR43.

www.PT-structures.com
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There are three methods commonly used for the de-
sign of a post-tensioned floor system—Simple Frame
Methods (SFM),! Equivalent Frame Method (EFM);
and Finite Element Method (FEM). Among the three,
the EFM has been the primary method of design used
by leading consulting firms over the years. However,
due to its complexity, it does not lend itself to hand
calculation of real structures in the environment
of a consulting firm. Computer programs based on
the EFM, such as ADAPT-PT are generally used. Re-
cently, many consultants sacrifice the efficiency and
the option of optimization that is feasible for designs
based on EFM and opt for the benefits of FEM-based
designs, such as the computer program Floor-Pro
by ADAPT. These FEM-based designs can model the
entire floor system and provide seamless integration
of design process from architectural drawings to fab-
rication documents.

Hand calculations, such as the one presented herein,
use the SFM.

Two text fonts are used in the following. The numer-
ical work that forms part of the actual calculations
uses the font shown below:

This font is used for the numerical work that is part of
the design.

The following text font is used, wherever comments
are made to supplement the calculations:

This font is used to add clarification to the calcula-
tions.

DESIGN STEFPS

1. GEOMETRY AND STRUCTURAL SYSTEM
11 Overview
1.2 Geometry and Support Conditions
1.5 Support Lines and Tributaries
14 ldealized Design Strip

2. MATERIAL PROPERTIES
21 Concrete
2.2, Nonprestressed Reinforcement
2.5 Prestressing

! The Simple Frame Method (SFM) in UK and the literature
based on UK practice is referred to as “Equivalent Frame
Method.” It is based strictly on the cross-sectional geom-
etry of the slab frame being designed. The term Equivalent
Frame Method in the US literature is based on an approxi-
mation that is intended to simulate the two-way action of a
floor slab. It is described in various versions of ACI 318.
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(b) See through View of the Floor System (P472)

0-1 3D Views of the Floor System

LOADS

3.1 Selfweight

3.2 Superimposed Dead Load

2.5 Live Load

DESIGN FARAMETERS

4.1 Applicable Code

4.2 Cover to Rebar and Prestressing Strands

4.5 Allowable Stresses

4.4 Crack Width Limitation

45 Allowable Deflection

ACTIONS DUE TO DEAD AND LIVE LOADS

POST-TENSIONING

6.1 Selection of Desigh Farameters

©.2 Selection of Post-tensioning Tendon Force and
Profile

©.5 Selection of Number of Strands

©.4 Calculation of Balanced Load

0.5 Determination of Actions Due to Balanced
(post-tensioning) Loads

CODE CHECK FOR SERVICEABILITY

7.1 Load Combinations

7.2 Stress Check

7.5 Crack Width Control

Post-Tensioned Floor Design

74 Minimum Reinforcement
7.5 Deflection Check
&. CODE CHECK FOR 5TRENGTH
5.1 Load Combinations
8.2 Determination of Hyperstatic Actions
5.5 Caloulation of Design Moments
&4 Strength Design for Bending and Ductility
5.5 Punching Shear Check and Design
9. CODE CHECK FOR INITIAL CONDITION
9.1 Load Combinations
9.2 Stress Check
10. DETAILING

1- GEOMETRY AND STRUCTURAL SYSTEM

1.10verview

Nahid building is a multi-story structure supported
on walls and columns. The lateral loads are resisted by
shear walls in two directions. The floor of the building is
a two-way post-tensioned slab resting on columns and
walls. The calculations that follow represent the design
of one region of the floor slab identified by gridline B,
and referred to as “design strip B.” The remainder of
the floor slab can be designed in a similar manner. The
design is performed using the current versions of 1BC;
ACI-318; EC2 and TR-42.

1.2 Geometry and Support Conditions

Dimensions and Support Conditions

Floor slab dimensions are shown in Fig. 1.1-1,

% Slab thickness and locations of Column drops/Fan-
els are shown in Fig. 1.1-2;

% Dimensions of column drops/panels shown in Fig. 11-3;
% Columns are 600 mm x 600 mm and extend above
and below the slab; and

% Columns are assumed fixed at connection to the
slab and at their far ends.

The maximum span to depth ratio for the 240 mm
slab selected is less than 45, which is the upper value
commonly used for similar structures. A preliminary
analysis, not included in this work, showed that the
slab thickness selected was not adequate for punch-
ing shear at selected column locations (marked as
locations A through E in Fig. 1.2-2, and along the
column supported right edge of the slab). As a re-
sult, the right edge is provided with a down turned
edge beam (section ii in Fig. 1.2-2). The remainder of
the locations are provided each with a column drop
to resist punching shear. Further calculation of the
preliminary design concluded that the required re-
inforcement over four of the interior columns was
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excessive (more than 4200 mm2) [Aalami, 1989]. To
avoid congestion of top reinforcement, the column
drops at these locations were enlarged to qualify
them as drop panels. These locations are marked
as B, C, D and F in Fig.1.2-2. While it is practical to
eliminate column drops at locations A and E through
provision of punching shear reinforcement, the drop
panels cannot be eliminated without causing con-
gestion in top rebar.

1.3 Support Lines and Tributaries

The breakdown of a floor into support lines, tribu-
taries and design strips in two principal directions
are explained in Chapter 3, as the first step in defini-
tion of load paths for design. The outcome is the sub-
division of floor into design strips in each of the two
orthogonal directions. In this example, we se-lect
and complete the design of one of the design strips in
X-direction. The remainder of the design strips will
be treated in a similar manner.

The design strips in X-direction are shown in Fig. 1.3-1.
Each design strip is extracted from the floor system
and modeled in isolation as an idealized single de-
sign strip, such as the design strip for support line B
shown in Fig. 1.3-2a.

Post-Tensioned Buildings post-Tensioned Floor Design
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L

1.4 ldealized Design Strip

% Design Strip Dimensions

The extracted design is “straightened” to simplify anal-
y5io (Fig. 1.5-2b). The tributaries of each span of the
extracted design strip are adjusted to the maximum
width of the respective span on each side of the sup-
port line. The dimensions of the final design strip are
shown in Figs. 1.4-1 and 1.4-2a.

© ©

For gravity design of the structure, the practice in
selection of boundary conditions of the extracted
design strip is verbalized in ACI/IBC as follows. The
strip is modeled with one level of supports imme-
diately above and below the level under consider-
ation. The far ends of the supports are assumed fixed
against rotation.

The elevation of the idealized design strip and a three
dimensional view of it are shown in Figs. 1.4-2,1.4-3.

©® © ©
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% Section Properties

The section properties of each span are calculated us-
ing the gross cross-sectional area of the idealized de-
sigh strip as shown in Figs. 1.4-1 and 1.4-2.

The stiffening of the slab due to the added thickness
of the column drops and drop panels are accounted
for in the calculation through their section properties.
In SFM adopted in this example, the added stiffness in
the slab immediately over the support is not included
in the analysis. However, the EFM of analysis allows
for the aforementioned increase in stiffness.

FIGURE 1.4-3 View of the Design Strip (P473)
2 - MATERIAL PROPERTIES

2.1Concrete

., T (28 day cylinder strength)? = 40 MFa
Weight = 24 kN/m 2

Elastic Modulus 4700Vfc = 29725 MFa [ACI]
= 227 10% [(f +8)/ 101022 [EC2, TR-43]

= 55220 MFPa

Creep coefficient = 2

Material factor, y, = 1 [ACI); 1.50 [EC2, TR-43]

The creep coefficient is used to estimate the long-
term deflection of the slab.

2.2 Nonprestressed (Passive) Reinforcement

fy = 460 MPa

Elastic Modulus = 200000 MFa

Material factor, v, = 1 [ACI]; 115 EC2

Strength reduction factor (bending), @ = 0.9 [ACI];
=1[EC2, TR-43]

2 Where cube strength is specified, the following conver-
sion is used: cylinder strength = 0.8 times cube strength
3 EN 1992-1-1:2004(E) Table 3.1
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TABLE 1.4-1 Section Froperty of the Design Strip (TM5791)

Span Tributary Depth | Y, Ye
s (i) (tam?) () ()

1 8.0 240 9.216e+9 120 120

2 Mid 9.25 240 1.077e+10 120 120

2 Right 9.35 440 2458e+10 294 146
3 Left 10.6 440 2.620e+10 297 143
3 Mid 10.6 240 1.221e+10 120 120
3 Right 10.6 440 4177e+10 27 169
4 Left 10.35 440 4134e+10 271 169
4 Mid 10.35 240 1.192¢+10 120 120
4 Right 10.25 440 7.347e+10 220 220
Cantilever 10.35 440 7.247e+10 220 220

Where

| = second moment of area of the tributary section; and

Yi, Yo = top and bottom distances of the centroid of the section to the extreme fibers respectively

2.5 Prestressing (Figs 2.3-1 through 2.3-3)
Material—low relaxation, seven wire ASTM 416 strand
Nominal strand diameter = 13 mm

Strand area = 99 mm?

Elastic Modulus = 200000 MFa

Ultimate strength of strand (fpu) = 1860 MFa
Material factor, v, = 1[ACI]; 115 [EC2, TR-43]

System

Unbonded System

Angular coefficient of friction (y) = 0.07

Wobble coefficient of friction (K) = 0.003 rad/m
Anchor set (wedge draw-in) = 6 mm

Stressing force = 80% of specified ultimate strength
Effective stress after all losses® = 1200 MFa

Bonded System

Use flat ducts 20x&0mm; 0.35 mm thick metal sheet
housing up to five strands

Angular Coefficient of Friction (p) = 0.2

4 For hand calculation, an effective stress of tendon is used.
The effective stress is the average stress along the length of
a tendon after all immediate and long-term losses. The value
selected for effective stresses is a conservative estimate.
When “effective stress” is used in design, the stressed
lengths of tendons are kept short, as it is described later in
the calculations.

Wobble Coefficient of Friction (K) = 0.003 rad/m
Anchor Set (Wedge Draw-in) = 6 mm

Offset of strand to duct centroid (z) = 3 mm
Effective stress after all losses = 1100 MFa

3 - LOADS

3.1Selfweight
Slab=(240/1000)* 2400* 9.861/1000
=5.65 kN/m?2

3.2 Superimposed Dead Load
Superimposed dead load = 2.00 kN/m?2
Total Dead Load = SW + SDL = 7.65 kN/m?
Span 1DL = 7.65" .00 m = 61.20 kN/m
Span 2 DL = 7.65% 9.35 m = 71.53 kN/m
Span 5 DL = 7.65*10.60 m = 81.09 kN/m
Span 4 DL = 7.65*10.35 m = 79.18 kN/m
Added dead load due to column drop, drop panel and
transverse beam:
Column drop DL (support 3)
= 0.2M.57240079.611000 = 7.06 kN/m
Load extends O.75 m on each side of support 3)
Drop panel DL (support 4) =.2*3.6*2400*9.81/1000
= 16.95 kN/m (Load extends 1.8 m on each side of
support 4)
Added beam depth (cantilever)

post-Tensioned Floor Design

. PTS105
wire

(a) Seven wire strand

{6.4 mm)

0.5™

corrosion inhibiting
coating
note: * nominal diameter

(b} View of tendon

Unbonded Tendon
FIGURE 2.3-1 Section View of an Unbonded Tendon

0.2¥10.35™240079.611000 = 45.74 kN/m
(Load extends from 0.2 m left of support b to slab edge)

3.5 Live Load® : 3 kN/m2

Span1LL = 3" & =24 kN/m

Span 2 LL = 3" 9.35 = 26.05 kN/m
Span 3 LL = 3" 10.60 = 31.60 kN/m
Span 4 LL = 2% 10.25 = 51.05 kN/m
Cantilever LL = 3™ 10.35 = 31.09 kN/m
LL/DL ratio = 3/7.65 = 0.39

< 0.7% . Do not skip live load

Live load is generally skipped (patterned), in order
to maximize the design values. However, for two-way
floor systems, ACI 318-11 does not require live load
skipping,® provided the ratio of live to dead load does
not exceed 0.75. In this example, as in most concrete
floor systems for residential and office buildings, the
ratio of live to dead load is less than 0.75. Hence, the
live load will not be skipped.

The loading diagrams are shown in Fig. 3-1.

4 - DESIGN PARAMETERS

> Live load for residential floors is generally 2 kN/m2. For
Commercial buildings it is somewhat more. Herein, conser-
vatively 3kN/m?2 is assumed. Live load is generally reduced
based on the floor area it covers. Reduction of live load is
described in IBC 2012 (Chapter 16). In this design example,
live load is not reduced.

% AC1318-11 (13.7.6)
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1/2" (12.7mm) strand
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(a) Section (b) Elevation

Example of a Grouted Flat Duct Used in
Building Construction

FIGURE 2.3-2 Flastic Flat Corrugated Duct
Grouted Tendon

b PTS103

/ c
i /
member sofﬁtj cover to duct
b = duct width d=ductdepth  c= cover to duct

z = distance between center of strand and duct center

Section through a Flat Duct at Low Point
FIGURE 2.5-3

4.1 Applicable Codes

The design is carried out according to each of the fol-
lowing codes. Further, reference is made to the Commit-
tee Report TR-43, where appropriate.

% BC-2009 (ACI 318-201)
% EC2(EN 1992-1-1:2004)

4.2 Cover to Rebar and Prestressing Strands
Minimum rebar cover = 20 mm top and bottom

Unbonded System

The slab is assumed to be in a non-corrosive envi-
ronment. Cover to its reinforcement is based on a
2-hour fire rating with the exterior spans considered
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restrained. This requires a minimum cover of 20
mm, using IBC-12. Hence, the CGS (Center of Grav-
ity of Strand) of 13 mm strand is 27 mm from top
and bottom fibers of concrete outline. The existing
concrete wall at one end of the design strip, and the
down turned beam at the other end of it are consid-
ered adequate to provide restraint against in plane
expansion of the slab for fire resistivity. Hence, the
end spans are considered “restrained.”’

Minimum strand cover = 20 mm
CGS. all spans = 27 mm

Bonded System
Minimum top and bottom rebar cover = 20 mm
For post-tensioning tendons: (Fig. 4.2-1)
Cover to duct = 20 mm
Distance to centroid of strand
=20 +10 + 3 =33 mm
Where, 10mm is half duct diameter and z=3 mm
CGS. all spans = 33 mm

4.3 Allowable Stresses
A. Based on AC| 318-11/1BC 20092

7 In IBC-12, where a span is free to expand in its own
plane, it is considered “unrestrained,” and is required to have
a larger cover for fire resistivity than a span that is not free
to expand (restrained). IBC Table 720.1

8 ACI 318-11, Sections 18.3

Post-Tensioned Buildings post-Tensioned Floor Design

Allowable stresses in concrete are the same for bonded PTS104
and unbounded PT systems [ center of strand
% For Sustained Load Condition ZJ*LZ a2
Compression = 0.45" . = 04540 = 18 MFa ’\ dr2
Tension = 0.5* Vf, = 3.16 MFa \ '\

center of duct duct
% For Total Load Condition . .
Compression = 0.60" £, = 24 MPa (a) Strand in duct at low point
Tension = 0.6" Vf, = 316 MFa top of member z-3mm 1/8in.

—duct

% For Initial Condition (at Tranfer of Prestressing)
Compression = 0.60* f; = 0.6* 30 = 1& MPa
Tension = 0.25* Vf, = 158 MFa

. s ) ,;@jd%l

cover cgs = (h cover - 0.5d - z)

-

(b) Tendon at low point

In ACI 318/IBC 2012 the allowable stresses for two-
way systems and one-way systems are different. The
values stated are for two-way systems. These values
may not be exceeded. Using ACI-318, two-way sys-
tems are deemed to be essentially crack-free when in
service. Cracking, if any is not of design significance.

(c) Tendon at high point

Position of Center of Gravity (cgs) of Strand at
Extreme Positions in Member

B. Based on EC2° FIGURE 4.2-1

ECZ does not specify “limiting” allowable stresses in the % For “Initial” Load Condition (Table 3.1, EC2)
strict sense of the word. There are stress thresholds Tension (Unbonded) = fop er = foxm

that trigger crack control. These are the same for both 0.30* £ (22) = 0.20* 30 (/%) = 2.90 MFPa
bonded and unbounded systems Compression” = 0.60* f; = 0.6*30 = 18 MPa

< For “Frequent” Load Condition

Concrete

Compression = 0.60" fy = 0.6* 40 = 24 MFa

Tension (concrete) Fy = fy o = fopm'©

Fy = 0.30* f, (22) = 0.30* 40(2/3)
= 551 MFa (Table 3.1, EC2)

Tension (non-prestressed steel) = 0.60* f, = 0.86*460

=265 MPa

Tension (prestressing steel) = 0.75* fox

= 0.75 1660 = 1395 MFa

C.Based on TR-43" Using Panel Width

TR-43 Report provides two sets of allowable stress-
es. One is based on the traditional selection of de-
sign strips based on the full tributary and referred
to as “full panel width,” such as the one used in this
design example and commercial software. The other
set of allowable stresses is based on narrower de-
sign strips selected to more closely capture the local
behavior of a slab. The latter, referred to as “design
strip approach” is an option for processing solutions
obtained from Finite Element analyses. For practical
reasons, most engineers and automated commercial
software tools use the “full panel width” option of al-
lowable stresses, in particular, since both options are
deemed to result in the same design.

% For “Quasi-permanent” Load Condition
Compression = 0.45 f,, = 0.45" 40 = 18 MPa
Tension (concrete) = 3.51 MPa

same as frequent load combination

Unlike ACI 318/IBC, provisions in EC2 permit!! over-
riding the allowable hypothetical tension stress in
concrete, provided cracking is controlled not to ex-
ceed the selected “design crack width.”

For flat slabs, allowable stresses are the same for both
bonded and unbonded systems, as well as for “frequent”
and “quasi-permanent” load combinations.

There are two thresholds for hypothetical tension
Stresces. If the hypothetical tension stresses are be-

12 EN 1992-1-1:2004(E), Section 5.10.2.2(5)
3 TR-43 Second Edition, Table 4. For tensile stress, stress
llmlt without bonded reinforcement is considered.

9 EN 1992-1-1:2004(E),Section 7.2
10 EN 1992-1-1:2004(E), Section 7.3.2(4)
I EN 1992-1-1:2004(E), Section 7.3.2(4)
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low the first threshold, no bonded reinforcement need
be added. If the hypothetical tension stresses exceed
the first threshold, but are less than the second, a
specified amount of bonded reinforcement must be pro-
vided. The hypothetical stresses are not permitted to
exceed the upper threshold.* Grouted tendons can be
considered as bonded reinforcement, as it is explained
in greater detail in Section 7.4.

Tension (without bonded reinforcement)
For full panel® = 0.3 foym g
foump = larger of (1.6- h/1000) fopm or fopm'®
= larger of (1.6 - 0.24) fym or fogm
= larger of 1.26™f 1 or fem
foom = 0.30" £y (@2 (Table 3.1, EC2)
= 0.30" 40 (2/3) = 351 MFa
Allowable lower threshold = 0.3*1.26* 3.51
=143 MFa

Tension (with bonded reinforcement)

For full panel = 0.9 f ;. q

= 0.9M.36" 3.51 = 4.30 MFa

Compression (support) = 0.3* fy = 0.3™40 =12 MFa
Compression (epan) = 0.4™ fy = 0.4™40 =16 MFa

% For “initial” load condition"”

Tension = 0.4 fopm

where T, refers to strength at stressing

foom = 0.30* f; (23) = 0.30* 30 (2/2) = 2.90 MFa
Allowable tension stress = 0.4*2.90 = 116 Mpa
Allowable compression stress = 0.40™ fi = 12 Mpa

4.4 Crack Width Limitation

A. Based on ACl 318-11/1BC 2012

No explicit limit is imposed by the code for crack width
calculation and or its control for two-way floor sys-
tems, since the designs are deetmed to be essentially
within the pre-cracking range of concrete.

B. Based on EC2

In EC2, the allowable crack width depends on whether
the post-tensioning system used is “bonded,” or “un-
bonded,” and the load combination being considered.”

& Prestressed members with bonded tendons:
0.2 mm; to be checked for frequent load case.

14 The amount of bonded reinforcement to be added is ex-
plained in Section 7.4 “Minimum Reinforcement.”

15 TR-43,5.8.1 Table 3

16 EN 1992-1-1:2004(E),Eqn.3-23

17 TR-43 Second Edition, Table 5.

18 EN1992-1-1-2004 (E) Table 7.1N
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* Prestressed members with unbonded tendons: 0.3
mm; to be checked at quasi-permanent load case.

C.Based on TR-43
For both prestressed systems' = 0.2 mm

4.5 Allowable Deflection

A. Based on ACl 318-11/1BC 201220

In all major codes, the allowable deflection is tied
to (i) the impact of the vertical displacement on oc-
cupants; (ii) the installed non-structural objects
such as partitions, glass, or floor covering; and (iii)
functional impairment, such as proper drainage. De-
tails of the allowable values, their measurement and
evaluation are given in reference [ADAPT TN292].
For perception of displacement by sensitive persons,
consensus is limit of L/250, where L is the deflection
span. It is important to note that this is the displace-
ment that can be observed by a viewer.

The allowable values are:

Since in this design example carpet is assumed to be
placed directly on the finished floor, the applicable verti-
cal displacement is the total deflection subsequent to
the removal of forms.

Total allowable deflection: L/240

The second deflection check is for potential damage
to non-structural brittle construction, such as parti-
tions, from displacement subsequent to installation
of such members. The value recommended by ACI-
318 is L/480. This is vertical displacement resulting
from the full application of design live load together
with the long-term deflection subsequent to the in-
stallation of construction likely to be damaged by de-
flection. Such installations are application of plaster
on concrete masonry unit partitions or installation
of dry wall (gypsum boards). Raw framing or ma-
sonry units that are not finished are not considered
to be subject to the deflection limitations.

Total deflection subsequent to finish on partitions to-
gether with application of live load: L/480

Where, L is the length of deflection span. For this design
example, the partitions are assumed to have been in-
stalled/finished G0 days after the floor is cast.

B. Based on EC2%
The interpretation and the magnitude of allowable
19 TR-43 Second Edition, Section 5.8.3,

20 ACI 318-11, Section 18.3.5
2l EN 1992-1-1:2004(E), Section 7.4.1

Post-Tensioned Buildings

deflections in EC2 are essentially the same as that of
ACI 318. The impact of vertical displacement on the
function of the installed members and the visual im-
pact on occupants determine the allowable values.
The following are suggested values:

Deflection subsequent to finishing of floors from Quasi-
permanent combination: L/250

Deflection subsequent to installation of construction
that can be damaged from load combination Quasi-
permanent: L/500.

C. Based on TR-43%2
TR-43 refers to EC2 for allowable deflections.

In summary, the allowable deflection from the two
codes and the committee report are essentially the
same. Conservatively, it can be summarized as follows:

Quasi Fermanent Load Combination

Total deflection: L/250

Deflection subsequent to installation of construction
that can be damaged: L/500

Brittle partitions are assumed to have been installed
60 days subsequent to date of casting the slab.

5 - ACTIONS DUE TO DEAD AND LIVE LOADS

Actions due to dead and live loads are calculated by
a generic frame progra, using the idealized frame di-
mensions shown in Fig. 5-1. The stiffness of each of the
epans is based on the second moment of area given in
Table 1.3-1. At locations of the column drop, drop panel,
and transverse beam, the stiffness used includes the
local thickening of the slab.

In Fig. 5-1 the column drop and drop panel are
shown centered about the mid-depth of the slab,
since it is assumed that most frame programs used
by consultants. The shortcoming becomes critical
when designing post-tensioned members, where the
eccentricity of tendons with respect to that of the
section is of central importance. Later in this design
example, it will be illustrated how to account for this
shortcoming, and obtain correct values with due al-
lowance for eccentricities. The computer programs
ADAPT-PT or ADAPT-Builder, automatically account
for the shift in the centroid of a column drop/panel
below that of the slab., These computer programs do
not require an adjustment.

22 TR-43 Second Edition, Section 5.8.4
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For hand calculations, a simple frame analysis is used
(Simple Frame Method—SFM]). The simple frame
method of analysis lacks the specific features of the
Equivalent Frame Method (EFM) as listed below:

(i) Increased stiffness of slab over slab/support in-
terface is not accounted for. The stiffness of a slab
over its support is assumed to be the same as that at
the face of support;

(ii) Increased stiffness of the column within the slab,
or within the column drop/panel is not accounted
for. In other words, the stiffness of a column is as-
sumed constant over its entire analysis length. Note
that the analysis length of a column extends to the
centroid of slab; and

(iii) The analysis does not account for the two-way
action of the slab, as is implemented in the Equiva-
lent Frame Method. The stiffness of the structure is
strictly based on the cross-sectional geometry of the
design strip.

The SFM is adequate when hand calculation is used
for design. The EFM is more accurate, but it is too
complex for hand calculation in the environment of
a production oriented consulting office. It is impor-
tant to note that the SFM provides a safe design, but
not necessarily the most economical alternative. The
EFM generally leads to smaller column moments,
when compared to the SFM.

Examples of the EFM in the literature are generally
limited to flat plates mostly without column drop or
drop panel, and with uniform tributaries. The use
of computer programs with EFM formulation is the
practical way for design of complex floor systems
with column drop, and/or drop panel, irregular trib-
utaries and non-uniform loads.

The moments calculated from the frame analysis refer
to the center line values. These are reduced to the face-
of-support using the static equilibrium of each span.
The computed moments from the analysis using Simple
Frame Method (SFM) are shown in Fig. B-2 and Fig.5-2.
The values at each face-of-support and at midspan are
summarized in Table B-1.

The critical design moments are not generally at
midspan. But, for hand calculation, the midspan is
selected. The approximation is acceptable when
spans and loads are relatively uniform.
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6 - POST-TENSIONING

6.15¢lection of Design Farameters

Unlike conventionally reinforced slabs, where given
geometry, boundary conditions, material properties
and loads result in a unique design, for post-ten-
sioned members in addition to the above a minimum
of two other input assumptions are required, before
a design can be concluded. A common practice is (i)
to assume a level of precompression and (ii) target
to balance a percentage of the structure’s dead load.
In this example, based on experience the level of pre-
compression suggested is larger than the minimum
required by ACI-318 code (0.86 MPa). Other major
building codes do not specify a minimum precom-
pression. Rather, they specify a minimum reinforce-
ment. Use the following assumption to initiate the
calculations.

1. Minimum average precompression = 1.00 MFa

2. Maximum average precompression = 2.00 MFa

3. Target Balanced Loading = 60% of total dead load,
up to 0% where beneficial

The minimum precompression is used as the entry
value (first trial) for design. The stipulation for a
maximum precompression does not enter the hand
calculation directly. It is stated as a guide for a not-
to-exceed upper value. In many instances, floor slabs
that require more than the maximum value stated
can be re-designed more economically.

For deflection control the selfweight of the critical
span is recommended to be balanced to a minimum

Table 5-1 Moments at Face-of-Support and Midspan

(T15851)
Span Location Mp (kN-m) M. (kN-m)
Left FOS* 291.08 1410
Span #1 | Midspan 227.05 89.03
Right FOS -383.70 15050
Left FOS -441.40 17310
Span #2 | Midspan 276.62 10850
Right FOS -566.30 -229.60
Left FOS -600.70 -2%4.80
Span #3 | Midspan 267.25 N2.30
Right FOS -872.00 -335.70
Left FOS -901.00 34740 |
Span #4 | Midspan 296.69 1620 |
Right FOS 46450 180.90
- Cantilever | Left FOS -15.99 - -3.88

*FOS = féce—of—euppor't
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of 60%. Non-critical spans need not be balanced to
the same extent.

Effective stress in prestressing strand
For unbonded tendons: f,, = 1200 MFa
For bonded tendons: f,, = 1100 MFa

PTS450m
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Moments Due to Dead Loading (kNm)

FIGURE 5-1
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Moments Due to Live Loading (kNm)
FIGURE 5-2

The design of a post-tensioned member can be based
either on the “effective force”, or the “tendon selec-
tion” procedure. In the effective force procedure, the
average stress in a tendon after all losses is used in
design. In this case, the design concludes with the
total effective post-tensioning force required at each
location. The total force arrived at the conclusion
of design is then used to determine the number of
strands required, with due allowance for friction and
long-term losses. This provides an expeditious and
simple design procedure for hand calculations. In
the “tendon selection” procedure, the design is based
on the number of strands with due allowance for the
immediate and long-term losses. In the following, the
“effective force” method is used to initiate the design.
Once the design force is determined, it is converted
to the number of strands required. A graphical pre-
sentation of the preceeding assumptions is given in
Chapter 4, Fig 4.8.7.1-2.

Post-Tensioned Buildings

The effective stress assumed in a strand is based on
the statistical analysis of common floor slab dimen-
sions for the following conditions (Fig. C6.1-1):

(i) Members have dimensions common in building
construction;

(ii) Tendons equal or less than 38 m long stressed at
one end. Tendons longer than 38m, but not exceeding
76m are stressed at both ends. Tendons longer than
76m are stressed at intermediate points to limit the
unstressed lengths to 38m for one-end stressing or
76m for two-end stressing, whichever is applicable;

(iii) Strands used are the commonly available 13 or
15 mm nominal diameter with industry common
friction coefficients as stated in material properties
section of this design example; and

(iv) Tendons are stressed to 0.8f,.

For other conditions, a lower effective stress is as-
sumed, or tendons are stressed at intermediate
points. In the current design, the total length of the
tendon is 41 m. It is stressed at both ends. Detailed
stress loss calculations, not included herein, indicate
that the effective tendon stress is 1250 MPa for the
unbonded system and also larger than assumed for
the grouted system.

6.2 Selection of Post-Tensioning Tendon Force and
Profile

The prestressing force in each span will be chosen to
match a whole number of prestressing strands. The fol-
lowihg values are used:

1. The effective force along the length of each tendon
is assumed to be constant. It is the average of force
distribution along a tendon.

Unbonded tendons:
Force per tendon = 1200 99 mm2/1000
=16.6 = 119.0 kN/ tendon
Use multiples of 119 kN when selecting the post-ten-
sioning forces for design.

Bonded tendons:
Force per tendons = 1100* 99 mm2/1000
=106.9 = 109.0 kN/ tendon
Use multiples of 109 kN when selecting the post-ten-
sioning forces for design.

2. Tendon profiles are chosen to be simple parabola.

Post-Tensioned Floor Design

These produce a uniform upward force in each span.

For ease of calculation the tendon profile in each
span is chosen to be simple parabola from support
centerline to support centerline (Fig. C6.2-1). The
position of the low point is selected such as to gener-
ate a uniform upward force in each span. The rela-
tionship given in Fig. C6.2-1 defines the profile. For
exterior spans, where the tendon high points are not
generally at the same level, the resulting low point
will not be at midspan. For interior spans, where
tendon high points are the same, the low point will
coincide with midspan. Obviously, the chosen profile
is an approximation of the actual tendon layout used
in construction. Sharp changes in curvature associ-
ated with the simple parabola profile assumed are
impractical to achieve on site. The tendon profile at
construction is likely to be closer to reversed parabo-
la, for which the distribution of lateral tendon forces
will be somewhat different as discussed henceforth.
Tendon profiles in construction and the associated
tendon forces are closer to the diagrams shown in
Fig. C6.2-2 for two common cases.

PTS107

L
olL=[/ab /(1+/ab )]
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Geometry and Actions of a Parabolic Tendon
FIGURE C6.2-1

For the beam/cantilever at the right end, the profile
selected is a straight line, due to short length of the
overhang (Fig.C6.2-3).

6.3 Selection of Number of Strands
Determine the initial selection of number of strands for
each span based on the assumed average precompres-
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End of Design Strip

sion and the associated cross-sectional area of each
span’'s tributary. Then, adjust the number of strands
selected, based on the uplift they provide.

Unbonded Tendon
Span 1 Area = 8,0 m* 1000* 240 mm = 1.92¢+6 mm?
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TABLE ©.3-1 Tendon Selection Based on Minimum Frecompression (T15991)
. , ‘ | Tendons Selected
Span Tributary (m) Thickness (mm) Area (mm?) Force (kN)
_O_%.00 tendons
1 5.00 240 1.920e+0 1920 17 20
2 9.35 240 2.244e+6 2244 |20 20
3 10.6 240 2.544¢+6 2544 25 23
4 10.25 240 2.464e+6 2464 22 25
Cant. 10.35 440 4.554¢+6 4554 41 25

Span 1 Force = 1.0 MFa™ 1.92¢+6/1000 = 1920 kN

No. of Tendons = 1920/119.0 = 16.13; say 17

Calculated values for other spans are shown in table
below

Bonded Tendon

Span1Area = 8.0 m* 1000 240 mm = 1.92e+6 mm&2
Span 1 Force = 1.0 MFa™ 1.92e+6/1000 = 1920 kN

No. of Tendons = 1920/109.0 = 17.61; say 1&

It is noted that the number of strands required to
satisfy the same criterion differs between the un-
bonded and bonded systems. Due to higher friction
losses, when using bonded systems, more strands
are generally needed to satisfy the in-service condi-
tion of design. For brevity, without compromising
the process of calculation, in the following the same
number of strands is selected for both systems.

The number of strands in Table 6.3-1 is based on a
minimum precompression of 1.0 MPa at the midsec-
tion of each span. The added cross-sectional area of
column drops, drop panels and transverse beams
are disregarded in the calculation of the force for
minimum precompression. The selected number of
tendons is chosen to avoid an overly complicated
tendon layout. Again, the precompression limit is
disregarded for the cantilever, since the large value
obtained is due to the depth of the beam having been
used in the calculations, as opposed to slab depth.

The tendon profile and force selected for unbonded ten-
dons is shown in Fig. ©.3-1

6.4 Calculation of Balanced Loads

Balanced loads are the forces that a tendon exerts to
its concrete container. It is generally broken down
to forces normal to the centerline of the member
(causing bending) and axial to it (causing uniform
precompression) and added moments at locations of
change in location of centroidal axis. Figure C6.2-2

shows two examples of balanced loading for mem-
bers of uniform thickness.

Span 1

Refer to Fig C6.2-1 and Fig. 6.4-1

a=120—27 = 95 mm

b = 213—27 = 166 mm

L =9.00 m

c = {[92186]195/[1 + (93/1866)°0°5]}* 9.00 = 32.72 m
W, /tendon = 2 P*a/c? = 119.0 kN* (2*93/1000)/5.75°
=119.0 kN/tendon® 0.015/m =159 kN/m/tendon
For 20 tendons W, = 1.59/ tendon™ 20 tendons

= 51.8 kN/m

% of DL Balanced = 51.6/ ©1.20 = 52%

(less than 60% target, but considered acceptable)
Balanced load reaction, left = 31.8 kN/m* 3.73
=116.61kN

Balanced load reaction, right= 31.86 kN/m* .27
=167.59 kN 1

The profiles of the first and last spans are chosen
such that the upward force on the structure due to the
tendon is uniform. This is done by choosing the loca-
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Post Tensioning Profile and Force
FIGURE ©.3-1Tendon Profile and Selected Force
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Tendon Elevation in First Span
FIGURE ©.4-1

tion of the tendon low point such that in each span
the profile is a continuous parabola (Fig. C6.2-1). Both
spans appear to be critical and will be designed for
maximum drape, in order to utilize the maximum
amount of balanced loading. If the low point of the
tendon is not selected at the location determined by
“c”, two distinct parabolas result. Figure €6.2-2 illus-
trates the condition, where the low point is not at cen-
ter of a tendon span.

Span 2

Span 2 has 20 continuous strands and three short
strands (added tendons) that extend from span 3 to
span 2. and terminate at its right end. The balanced
load from each is calculated separately.

Continuous Tendons

a =186 mm

L=10.0m

For a symmetrical parabola of span “L” drape “a,

and uniform force “P,” the force normal to L is given
by 8P*a/L2.

W,/ tendon = & P*al L2 = (8*119"186/1000) 102

= 1.77 kN/m
For 20 tendons W, = 1.77* 20 tendons = 35.41 kN/m
% DL Balanced = 35.41/71.53 = 50% OK
Balanced load reaction:
Left = 35.41 kN/m* Bm = 177.05 kN |
Right = 35.41 kN/m™* Bm = 177.05 kN |

Added Tendons

Increase in the number of strands from 20 to 23, from
the third span on, results in 3 strands from the third
span to terminate in the second span. The terminat-
ed three strands are dead-ended in the second span.
The dead end is located at a distance 0.20*L from the
right support, at the centroid of the design strip (Fig.
(C6.4-1). The tendons are assumed horizontal over
the support and concave downward toward the dead
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end. Hence the vertical balanced loads of these ten-
dons will be downward, with a concentrated upward
force at the dead end.

a=93mm

c=020%10=2.00 m

W, = (3* 119.0% 27 93/1000)/2.02 16.60 kN/m 1

Concentrated force at dead end = 16.60* 2.0
=33.20kN T

PT-induced Moments Due to Shift in Centroid

Because the centroid of the design strip section is
shifted at the face of the column drop, drop panel
and the edge beam, there will be a moment due to
axial force from prestressing at each of these loca-
tions. These moments must be included in the bal-
anced loading to obtain a complete and correct so-
lution. The moments are simply the post-tensioning
force in the section multiplied by the shift in the sec-
tion’s centroid (see Fig. 6.4-2).

Moment at Face of Column Drop
M = F* shift in centroid (€) = P* (Yi Lot e Right)
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= 25* 119.0* (120-146)11000 = -71.16 kN-m
M = 25* 119.0* (146-143)/1000 = &.21 kN-m

Span &

a =166 mm

L=10.60 m

W,/ tendon = &*P*a/ L2 = (8™19.0M86/1000)10.60?
=158 kN/m

For 23 tendons W, = 1.58* 25 tendons = 50.24 kN/m

% DL Balanced = 36.34/81.09 = 45% = 50%  OK

Balanced load reaction:

Left = 36.34 kN/m* 5.2m = 192.60 kN |

Right = 36.24 kN/m* 5.2m = 192.60 kN |

PT-induced Moments Due to Shift in Centroid
Moment at face of left column drop:
M = P* ghift in centroid
= 25* 119.0 kN* (143-120)/1000
= 62.99 kN-m
Moment at face of right drop panel:
M=F* (Yt»LeFt'Yt—Rigth)
= 25" 119.0* (120-169)1000 = -124.11 kN-m
Moment at centerline of right support:
M = 223" 119.0* (169-169) = O kN-m

Span 4

Refer to Figure CO.2-1

a=120-27 = 25 mm

b = 215-27 =166 mm

L =10.50 m

C = {[93/186195/[1 + (92/186)°°]}* 10.5 = 4.35 m

Wb/ tendon = 119.0 kN* (2% 93/1000)/4.352
=117 kN/m/tendon

For 23 tendons W, = 1.17 kN/m/tendon™ 23 tendons
= 26.90 kN/m

% DL Balanced = (26.90/79.16)*100 = 34 %

The dead load in the fourth span tends to produce
an upward “lift” on adjacent spans. Since the fourth
span is next to a somewhat larger, more heavily load-
ed third span, it is advantageous to design the fourth
span with alower level of balanced loading and allow
its non-prestressing load to counteract the actions in
the adjoining longer span. For this reason, the level
of dead load balanced in the fourth span (34%) is
acceptable, even though it is well below the target
amount of 60% for the critical span. The above val-
ues will be assumed for a first try. If the stress check
to follow will not be satisfactory the prestressing
force will be adjusted.

Balanced Load Reaction
Left = 26.90" 6,15 = 165.44 kKN |

Post-Tensioned Buildings

Right = 26.9* 4.35 = 117.02 kN |

Moment at drop panel face

Left of span

M = 25* 119.0* (169-120)11000 = 13411 kN-m
Right of span

M = 23* 119.0* (120-220)1000 =-273.70 kN-m

Cantilever

Tendon is horizontal and straight. Hence no upward
force from tendon.

Moment due to dead end anchored away from centroid:
M = 25* 119.0* (220-120)1000 = 2723.70 kKN-m

There is no vertical force over the length of the canti-
lever from the tendon profile of that span. However,
the eccentricity of the tendon at edge of the slab re-
sults in a constant moment over the entire length of
the cantilever.

The complete balanced loading consisting of up and
down forces (part “a” of the figure) and the associated
moments (part “b” of the figure) are shown in Fig. 6.4-
4. In addition to the forces shown in the figure, there is
an axial compressive force that is shown in Fig. ©.5-1b.

The actions shown in Fig. 6.4-3 represent the forces
from the simplified tendon profile assumed for hand
calculation and shown in Fig. C6.4-2a. In construc-
tion where unbonded system is uses, tendons in the
design strip under consideration will be banded over
the support line. In the perpendicular direction, the
tendons will be distributed uniformly. The profile
used for construction together with the one selected
for hand calculation is shown in Fig. C6.4-2.

The forces exerted by a tendon to its container (con-
crete slab in this case) are always in static equilibri-
um, regardless of the geometry of tendon and the con-
figuration of the member that contains the tendon. To
guarantee a correct solution, it is critical to perform
an equilibrium check for the balanced loads calculat-
ed (Fig. 6.4-3) before proceeding to the next step.

Equilibrium Check

Sum of forces in the vertical direction:

Y Forces T=-116.61 +(9*51.8)-167.59-
177.05+(10*35.41)-(2*16.60)+53.20-177.05-
192.60+(10.6*36.34)-192.60-165.44+ (10.5*26.90)-
117.02 = 0.006 kN = O OK

Sum of moments about the third support:

EMErd 5upport = 11861*190 +
(167.59+177.05)"10.0-33.202.0- 31.86*9.0*14.5-
35.41¥102/2+16.60%22/2+36.24*10.62/2 +
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(b) Moment (kN-m)
Balanced Loading

FIGURE ©.4-2

26.90%10.5"15.865-(192.60+ 165.44)10.6-117.02*21.1-
7110+6.214154.11+02.95-154.11-273.70+273.70 =
046 = OkN-mOK

6.5 Determination of Actions due to Balanced (Post-
Tensioning) Loads

The distributions of post-tensioning moments due to
balanced loading, and the corresponding reactions at
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(b) Reactions due to balanced loading (kN; kN-m)
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(c) Hyperstatic moments (kN-m)

Post-Tensioning Actions on Design Strip
FIGURE 6.5-1

the slab/support connections, are shown in Fig. ©.5-1.
These actions are obtained by applying the balanced
loads shown in Fig. ©.4-5 to the frame shown in Fig. 5 1.

Actions due to post-tensioning are calculated using a
standard frame program. The input geometry and
boundary conditions to the standard frame program
are the same as used for the dead and live loads.

7 CODE CHECK FOR SERVICEABILITY

7.1Load Combinations

The following lists the recommended load combinations
of the building codes covered for serviceability limit
state (5L.9).

< ACl IBC
Total load condition 1*DL + 1*LL + 1*PT
Sustained load condition 1’DL + O.3*LL + 1*"PT?®

23 ACI-318 specifies a “sustained” load case, but does not
stipulate the fraction of live load to be considered “sus-
tained.” It is left to the judgment of the design engineer to
determine the applicable fraction. The fraction selected var-
ies between 0.2 and 0.5. The most commonly used fraction
is 0.3, as it is adopted in this design example.
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% EC2,TR43
Frequent load condition 1*"DL + O.5*LL + 1"PT
Quasi-permanent load condition 1"DL + O.3*LL + 1*PT

For serviceability, the actions from the balanced
loads due post-tensioning (PT) are used. The back-
ground for this is explained in detail in reference
[Aalami, 1990].

7.2 Stress Check

For hand calculation, the critical locations for stress
check are selected based on engineering judgment.
The selected locations may or may not coincide with
the locations of maximum stress levels. This will in-
troduce a certain degree of approximation in design,
which reflects the common practice for hand calcula-
tions. Computer solutions generally calculate stress-
es at multiple locations along a span, thus providing
greater accuracy. For brevity, only three locations
will be selected for this design example. Point A is at
the face-of-support; Point B is at the face of the drop
panel; and point C is at the midspan (Fig. 7.2-1).

Using the Moment diagrams of Fig. 5-2 and 5-3 as
guide, several critical locations are identified for the
stress check. These are shown as sections A, B and C
in Fig. 7.2-1.

Stresses
C= (MD + M|_ + MF’T)/S + P/A
S=I/Y,

Where, Mp, M,;, and Mpr are the moments across the
entire tributary of the design strip. S is the section
modulus of the entire tributary; A is the cross-sec-
tional area of the entire tributary; / is the second
moment of area of the entire tributary; and Y, is the
distance of the centroid of the entire tributary to the
farthest tension fiber of the entire tributary.

The parameters for stress check at point A are:
S1op = 41346+10/169 = 2.446¢e+5 mm?

Spot = 41234e+10/271 = 1.525¢+86 mm?>

A =10.25* 1000* 240 + 5600* 200

= 5.204e+6 mm?2

PIA = -2737%1000/3.204e+6 = -0.865 MFa

A. Based on ACI 318-11/1BC 2012
Stress checks are performed for the two load condi-

tions of total load and sustained loads.

At Point A

Post-Tensioned Buildings

/

% Total Load Combination

Stress limit in compression: 0.60™ 40 = 24 MFa
Stress limit in tension: 0.5*V40 = 3.16 MFPa

Mp + M| + Mpr = (-901-247.40 + 425.50)

= -822.60 kN-m

Bottom fiber
o = -822.60* 10002/1.525e+8-0.85 = -6.24 MFa Com-
pression < -24 MPa OK

Top Fiber

o = 822.60M0002/2.446e+5-0.65 Mpa = 2.51 MPa

Tension < .16 MFa OK

% Sustained Load Combination

Stress limit in compression: 0.45* 40 =16 MFPa

Stress limit in tension: 0.5*V40 = 3.16 MFa

Mp + 0.3 M| + Mpr = (-901-0.3"347.40 + 425.60)
=-579.42 kN-m

Bottom Fiber
o = -579.42* 10002/1.525e+86-0.85 = -4.65 MPa Com-
pression< -1& MFPa OK

° 9 ¢
( ’ o !c j
T 7 T

FIGURE 7.2-1

o o

Top Fiber
o = 579.42% 1000%/2.446e+5-0.65 = 1.52 MFa Tension
< 516 MFa OK

B. Based on EC2
Stress checks are performed for the two load condi-
tions of frequent load and quasi-permanent loads.

% Frequent Load Condition
6 = (Mp +0.5 M, + Mpp)/S + PIA

At Point A
Stress Thresholds
Compression = 0.060* 40 = -24 Mpa
Tension = fepm, = 5.51 MPa
MD + O5ML + MFT
= (-901-0.5"347.40 + 425.60)= -6486.90 kN-m

Post-Tensioned Floor Design

Top Fiber

0 = 648.90M000%/2.446e+8-0.85 = 1.80 MFa Ten-
sion < 3.51 MFa OK

Bottom Fiber

o = -648.90* 10002/1.525e+8-0.65 =-5.10 MFa Com-
pression <-24 MFa OK

<& Quasi-permanent load condition:
o = (Mp +0.3 M| + Mpp)/S + P/A

At Foint A

Stress Thresholds

Compression = 0.45* 40 = -15 MFa

Tension = o =5.51 MPa

MD + O5ML + MF’T

= (-901-0.3"347.40 + 425.80) = -579.42 kN-m

Top Fiber
0 = 579.42*1000%/2 446e+5-0.85 = 1.52 MPa Tension
< 3.51 MFa OK

Bottom Fiber
o = -579.42* 10002/1.525e+8-0.85 = -4.65 MFa Com-
pression <-16 MFa OK

C.Based on TR-43
% Frequent load condition:
o = (Mp +0.5 M| + Mp1)/S + PIA

At Foint A
Stress Limits
Compression (support) = 0.2* f = 0.3*40 =12 MFa
Tension (without bonded reinforcement)
=03 foyma= 0.3"1.26*3.51 = 1.43 MFa
Tension (with bonded reinforcement) = 0.9 f i g
= 0.9".36*3.51 = 4.30 MFa
Mp + O.5M + Mpr = (-901-0.5*347.40 + 425.80)
= -648.90 kN-m

Top fiber
0 = 645.90"0002/2.446e+6-0.65 MFPa = 1.80 MPa
Tension > 1.43 MFa

but less than 4.30 MFa; hence bonded reinforce-
ment required.**

Bottom fiber
0 = -646.90 10002/1525e+8-0.85H = -5.10 MFa Com-
pression <-12 MFPa OK

Other points are evaluated in a similar manner. The out-
come is listed in the following table (Table 7.2-1):

24 The required bonded reinforcement is calculated in Sec-
tion 7.4-Minimum Reinforcement
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The following illustrates the calculation of moments
at interior of a span, such as point B for span under
consideration.

Centerline moments and shears for DL, LL and PT
obtained from frame analysis, along with the exter-
nally applied loads are shown below for the fourth
span. The calculation of the values at the face-of-sup-
port follows simple statics of the free-body diagram
shown below. In the following the calculation of mo-
ment at the face of drop panel in the fourth span is
detailed. Other locations follow a similar procedure
(Fig. 7.2-2).

Moment due to DL at the face of drop panel distance
1.80m from the fourth support

MpL = 368.16" &.7-575.16-48.72*0.5*8.55-72.18*
87212 = -319.70 kN-m
Moment due to LL
M| = 14619 8.7-223.37-31.05* 8.72/2
= -126.60 kN-m
Moment due to PT
Mpr = -126.860* 8.7 +459.17+ 26.90* &.72/2-
273.70+13411 = 234.45 kKN-m

7.5 Crack Width Control

A. Based on ACI 318-11/1BC 2012

ACL518-11BC 2012 do not stipulate specific measures
to follow for crack control of slabs desighed as two-way
systems. The limit imposed on tensile stresses keeps
the slabs essentially crack free, when in service.

B. Based on EC2 and TR-432°

The allowable crack width for members reinforced
with unbonded tendons (Quasi-permanent load
combination) is 0.3 mm, and for bonded tendon
(Frequent load combination) is 0.2 mm. Since in this
example the maximum computed tensile stress is
within the threshold limit, crack width calculation is
not required. If the computed tensile stress exceeds
the threshold, EC2 recommends to limit the bar di-
ameter and bar spacing to the values given in Table
7.2N or 7.3N of EC2 to control the width of probable
cracks. The following example illustrates the point.

EXAMFLE

To illustrate the procedure for crack control recom-
mended in EC2, as an example let the maximum tensile
stress exceed the threshold value by a large margin.

25 EN 1992-1-1:2004(E) , Section 7.3.3, and TR-43 2nd
Edition, Section 5.8.3
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Free Body Diagram of Fourth Span

FIGURE 7.2-2

Given: computed hypothetical farthest fiber tensile
stress in concrete f = S0MFa
Required : reinforcement design for crack control

Calculate stress in steel at location of maximum con-
crete stress: o, = (f/Ec)"Es
Where f is the hypothetical tensile stress in concrete
under service condition
0, = (50/35220)*200000 =170 MFa (this is a hypo-
thetical value)
Crack spacing can be limited by either restricting the
bar diameter and/or bar spacing. Use the maximum bar
spacing from Table 7.3 N for the o, of 170 MPa.
From Table: for 160 MFPa-500 mm

200 MPa-250 mm
By interpolation, maximum spacing for 170 MFa is 287
mm.
Limit the spacing of reinforcement to 285 mm or less
(280 mm) in order to control cracking. Note that based
on the magnitude of the computed tensile stress in
concrete the area of the required reinforcement is cal-
culated separately,

7.4 Minimum Reinforcement
There are several reasons why the building codes

Post-Tensioned Buildings

specify a minimum reinforcement for prestressed
members. These are:

% Crack control, where potential of cracking
exists: Bonded reinforcement contributes in miti-
gating local cracks. The contribution of bonded re-
inforcement to crack control is gauged by the stress
it develops under service load. Change of stress in
bonded reinforcement from applied strain is a func-
tion of its modulus of elasticity and its cross-section-
al area. Hence, the area of reinforcement considered
available for crack control is (As + Aps), where Aps
is the area of bonded tendons. It is recognized that
both bonded and unbonded prestressing provide
precompression. While the physical presence of an
unbonded tendon may not contribute to crack con-
trol, the contribution through the precompression
it provides does. However, for code compliance and
conformance with practice, the contribution of un-
bonded tendons is not included in the aforemen-
tioned sum.

% Ductility: One of reason ACI-318 specifies a
minimum bonded reinforcement over supports of
members reinforced with unbonded tendons is to
provide ductility at the location. Where unbonded
tendons are used, the required minimum area is
provided through As only. Current ACI 318/IBC do
not specify a minimum of non-stressed bonded re-
inforcement in post-tensioned members reinforced
with bonded tendons.

Use 16 mm bars (Area = 201 mm?; Diameter = 16 mm)

for top and bottom, where required
d = 240- 20-16/2 =212 mm

A. Based on ACI 318-11/I1BC 20122¢
«» Unbonded Tendons
Supports

ACI 318%/IBC require a minimum area of passive
(non-stressed reinforcement to be placed over the
supports, where unbonded tendons are used. The
minimum area is expressed in terms of the cross-
sectional geometry of the design strip, and the strip
orthogonal to it. Ay is the larger gross cross-sec-
tional area of the design strips in the two orthogo-
nal directions for the support under consideration.
Figure C7.4-1 illustrates the applicable locations to

26 ACI 318-11, Section 18.9
27 ACI318-11, Section 18.9.3
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determine the cross-sectional areas. Line PP refers
to the section in the design strip direction and FF to
the section orthogonal to it.

As = 0.00075* Acf

At section A (Fig. 7.2-1):

In direction of design strip:

Ag = 0.00075" 0.5* (106007240 +10500*240)

= 1899 mm?2

In the orthogonal direction to the design strip the
spans adjacent to the support under consideration are
10.60 and 10.35 m. Hence,

Ag = 0.00075* 0.5*(10600*240 +103507240)

= 18686 mm?

Ag = 1899 mm? applies

Number of bars = 18699/201 = 9.4

Use 10-16mm bars = 10* 201 mm2 = 2010 > 1899 mm?
provided top

Spans

The minimum passive reinforcement at midspan for
unbonded tendons depends on the value of comput-
ed (hypothetical) tension at the bottom fiber. If the
hypothetical tension stress is less than 0.166 f.0.5,
based on ACI 318,%® no midspan minimum bottom
rebar is required. It is re-iterated that the computed
tensile stress is not permitted to exceed 0.5 f’.2>,

At Foint C in Span

At midepan A, = N/(0.5*) if hypothetical tensile
stress > 0.166™VF,

where N is the total of tension force in the tensile zone
of the section

Computed hypothetical tensile strese: f;, = 1.95MPa
Stress Limit = 0.166* V40 = 1.05 MFa

1.95 MFa > 1.05 MFa .= Minimum steel is required
Compressive stress at top: fc = - 4.15 MFa

The relationships given in Fig. 7.4-1will be used to deter-
mine the force of tensile zone (N;)

Depth of tension zone from bottom

=1.95* 240/(1.95+4.15) = 77 mm

Ng = 77mm™ 1.95 MPa* 10350/(2* 1000)

=777.03 kN

Ay = 777.03"000 /(0.5*460) = 3378 mm?

Number of bars = 3378/ 201 =16.8&

Use 17-16 mm bars = 17* 201 = 3417 > 3378 mm?2 OK

% Bonded (Grouted) Tendons
There is no requirements for minimum reinforcement
based on either geometry of the design strip, nor its

28 ACI318-11 Section 18.9.3.2
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FIGURE 7.4-1 Distribution of Strain Over Section of
Member

hypothetical tensile stresses. The minimum require-
ment is handled through the relationship between the
cracking moment of a section and its nominal strength
in bending. This is handled in the “strength” check of the
member.

B. Based on EC22°

EC2 specifies the same requirement for minimum
reinforcement at supports and spans, and also for
both unbonded and bonded tendons. Two checks ap-
ply. One is based on the cross-sectional geometry of

29 EN 1992-1-1:2004(E), Section 9.3.1 & 7.3.2
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= 0.26" 3.51" 3.204"10°/460 = 6,356 mm?

TABLE 7.2-1 Summary of Service Stress Checks (T16051) Required: Reinforcement for Crack Control
(it) Agin = 0.0013* b,* d 0, = f4 = 460 MPa
Span 4 Section A Section B Section C = 0.0013* 3.204* 106 = 4165.2 mm? k=1
Based on ACl 318-11/IBC 2009 | Therefore, Ajmin = 6,556 mm? Depth of tension zone at bottom, using Fig. 7.4-1
o £ (MPa) 1.52 0.14 YY) l Contribution of reinforcement from bonded Prestress- = 3.7°240/(5.7 + 5.2) =100 mm
> T g = ing: Aq = 100M0350=10.25e+5 mm?
f: (MFa) : ; ; Aps*(Fok/fyk) = 253 99"B60/460 ko= 04" [1-( 0, /(K1 (Wh") £10.060)]
F. (MPa) S HE i | = 9207 mm2 > 6356 mm? 0 = Ngp /bh = 110 MFa (average precompression)
F, (MPa) -18 -18 NA Hence, no additional bonded reinforcement is required. h* = h = 240 mm
oK OK oK k=15 (since section is in compression)
Span
Total load f. (MP 2.51 1.03 -4.15 p
—— . (MPa) P 303 195 At section C in span (Fig. 7.2-1) Criteria
8 () = : : by = 10350 mm Fotoft = Torm = 0.3%(40)(2/3) = 3,51 MPa
F-' (MF’a) 316 316 -24 (i) Asmin — 0.26* fotm*bt*d/fyk
F, (MPa) -24 24 316 = 0.20"2.51" 10350*212/460 = 4353 mm?2 Design
0K oK oK (iNAgmin = 0.0013*b.*d ke =04"[1-(110 /(1.5 (240/240) 3.51)] = 0.32
Based on EC2 = 0.0013M0350* 212 = 2852 mm? Acmin = K K fope8r Act /0,
= T o4 356 Hence, Agmin = 4353 mm?2 Agmin = 0.22% 17 3.51* 10.35¢+5 /460 = 2499 mm?
freazenipoad f. (MPa) : - .'.56 Contribution of reinforcement from bonded Prestressing:
£, (MPa -5.1 -2.6 1, 2 _
) Ao ] C.Based on TR-43
F. (MPa) 3.51 351 -24 25 99M660/460 =9207 mm?2 > 4353 mm? ) "
( [ Y R S i . irod If the hypothetical tensile stress calculated for a
F, (MPa) 24 -24 551 AL Rl oiaegyE TigiRie g il e panel (design strip as used in this example) exceeds
OK oK oK Mg . the specified threshold given below, add non-pre-
Quasi-Permanent | . (MPa) 152 0.14 -3.33 M NEferaame o Gz Ceonizel stressed rebar in addition to the prestressing to re-
i 32
Load f, (MPa) KA — ks In EC2 necessity of reinforcement for crack control is SELNC
. f 351 -18 i i .
F, (MPa) 2 Egggfegéizggrtis:;ﬁg;ged LS FHREES s ele (i) where unbonded tendons are used, and the hypo-
F, (MPa) 18 18 551 p ' thetical full tributary tensile stress exceeds 0.3 fymq;
OK 0K 0K ' il
— At all the three locations selected for code compliance,
Based on TR- ) . .
_ = — — the hypothetical tensile stress of concrete is below the (ii) where bonded tendons are used, and the hypo-
Frequent Load f. (MPa) 1. 0 c threshold for crack control. Hence, no crack control re- ) ] .
: . , thetical full tributary tensile stress exceeds 0.9 fu, fl
f, (MPa) -5.1 -2.6 1.36 inforcement is required. :
F. (MPa) 4.5 4.5 e The amount of non-tensioned reinforcement de-
F, (MPa) -12 -12 4.3 pends on the tensile force (Nc) developed in the ten-
EXAMFLE . . ‘ .
OK OK OK . . sile zone of the location being considered. The area
For demonstration of EC23° procedure for crack con- of (As + Aps) shall be adequate to resist Nc, where
Note: F. and F th tive top and bottom fiber allowable (threshold) stresses; ; ; . )
ote: F. and F, are the respecFFni/:a” p and c(:)ompTe fiber allowabl ( ) Frol, let the maximum hypothetical te.nsﬂe stress Aps is the area of available “bonded” reinforcement.
: in concrete exceed the threshold set in the code
_ : (3.51MPa). Determine the required crack controlre- Unbonded Tendons
the design strip and its material properties and the  Since in EC2 the minimum reinforcement is a func- inforcement for the section reinforced with unbond- *

other on computed stresses. In the former, the mini-
mum reinforcement applies to the combined contri-
butions of stressed and non-stressed reinforcement.
Hence, the participation of each is based according
to the strength it provides, the prestressing steel is
accounted for with higher values. The reinforcement
requirement for crack control is handled separately.

% Unbonded and Bonded Tendons
Supports

At section A (Fig. 7.2-1):

Aomin = (0.20" Ty "bydIfy) = 0.0013" by"d

tion of (bt*d) cross-sectional area, at the face-of-
support the cross-sectional area including the drop
panel is used.

Cross-sectional Area

b, = 10350 mm

Drop panel width = 3,600 mm

Drop panel depth below slab = 200 mm

Tributary cross-sectional area = 10,550*240 +
3,600%200 = 3.204*10° mm?2

fetm = 0.3740(2/3)= 3.51 MFa

(D) Aomin = 0.26™ fopm™by" d/fyk

ed tendons.3!

Given

fy, = 3.7 MFa (tension) at bottom
fy = -5.2 MFa (compression) at top
Depth of section = 240 mm

Width of section = 10,250 mm

30 EN 1992-1-1:2004(E), Section 7.3.2(3)

31 For members reinforced with grouted tendons, the cross-
sectional area of grouted tendons can be used to contribute
to the minimum required area for crack control.

TR43 specifies a minimum amount of hon-prestressed
reinforcement over the supports. The required minimum
is based on both the cross-sectional geometry of the
design strip and the computed tensile stresses.

At Support

Based on Geometry®

Agmin = 0.00075 Acf

Acf = cross-sectional area of the design strip in direc-
tion of analysis

32 TR-43 2"d Edition, Section 5.8.1; Table 4
33 TR-43 2nd Edition, Section 5.8.8
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Ag = 0.00075* 0.5*(10600*240 +10500*240)
= 1829 mm?2

Based on Computed Stresses™
Refer to Fig. 7.4-2 where £, is the concrete fiber stress
in compression; f; is the extreme concrete fiber stress
in tension.
Depth of tension zone: h-x = -f*h/(foo-fer)
f,, = tensile stress = 1.60 MFa
foc = compressive stress =-5.10 MFa
h-x = 1.860*440/(5.10+1.80) = 115 mm
As = Fy /(5™ /8)
Where F; is the total tensile force over the tensile zone
of the entire section
Fp = -f™ b* (h-x )/2
= 1.80™0350*115/(2*1000) = 1071.23 kN
As = 1071.23*1000/(5*46018) =3726 mm?
The applicable rebar for this condition is the calculated
value less area of unbonded tendons. Hence
As = 3726-23*99 = 1,449 mm?
Comparing (i) and (ii), As = 1,699 mm?
Use 10-16mm bars = 10* 201 mm?
= 2010 > 1,899 mm?2 OK

At Span

At span bonded reinforcement is required if:

computed stress is greater than 0.3 fma = 145 MFa.
., =calculated tensile stress = 1.56 MFPa

Sincethe calculated tensile stress is less than O.3fctm,fl,
additional bonded reinforcement is not required.

< Grouted Tendons
At support (Foint A)
Based on Geometry-the same as in unbonded tendons.
Hence,
Agmin = 1899 mm?2
However, the area of grouted tendon counts toward the
requirement
Available reinforcement = 23* 99 = 2277 mm?
> 1899 mm?2 OK

Based on Computed Stresses

Refer to Fig. 7.4-2 where fcc is the concrete fiber stress
ih compression; fct is the extreme concrete fiber stress
in tension.

f = tensile stress = 1.60 MFa

foc = compressive stress =-5.10 MFa

h-x = 1.80*440/(5.10+1.860) = 115 mm

As = Fy /(5% /8)

Where F; is the total tensile force over the tensile zone
of the entire section.

34 TR-43 2nd Edition, Section 5.8.7
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FIGURE 7.4-2 Stress Diagram

Fp = -, b* ( h:x )/2 = 1.80"10350*115/(2"1000) =
1071.23 kN

As = 1071.23*1000/(5*460/8) =3726 mm?2

The applicable rebar for this case includes the contribu-
tion of bonded tendons. Hence

Aps 23*99 = 2,277 mm?

As required = 3,726-2,277 = 1,449 mm?

Comparing (i) and (i), As = 1,449 mm? , since (i) is
deemed satisfied

Use 10-16mm bars = 8* 201 mm? = 1,608 > 1,449 mm?
oK

At Span (Foint C)

Since the calculated stress is within the threshold val-
ue, ho rebar needed

The minimum rebar required from different codes is
summarized in TABLE 7.4-1

TABLE 7.4-1 Summary of Minimum Rebar (mm?) (T1611)

Unbonded Bonded
Code
Support Span Support Span
ACl/IBC 1699 3376 0 0
EC2 0] [ 0 0 0]
TR45 1899 | 0 1449 0
7.5 Deflection Check

Recognizing that (i) the accurate determination of
probable deflection is complex [TN292]; and (ii) once
avalue is determined, the judgment on its adequacy at
design time is subjective, and depends on unknown,
yet important, parameters such as age of concrete at
time of installation of nonstructural members that
are likely to be damaged from large displacement, in
common construction, deflection checks are generally
performed following a simplified procedure. A rigor-
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ous analysis is initiated, only where the parameters
of design and applied loads are more reliably known.
In most cases, post-tensioned members are sized ac-
cording to recommended span/depth ratio proven to
perform well in deflection.®

The simplified procedure includes:

(i) For visual and functional effects, total long-term
deflection from the day supporting shutters are
removed not to exceed a value that depending on
the code used varies between (span/250 EC2) and
(span/240 USA). Camber can be used to offset the
impact of displacement.

(ii) Immediate deflection under design live load
not to exceed (span/500 for EC2/TR43 designs) or
(span/480 for USA).%¢

Both ACI 318/IBC and EC2 (EN 1992-1-1:2004(E)),
tie the deflection adequacy to displacement subse-
guent to the installation of members that are likely to
be damaged. This requires knowledge of construction
schedule and release of structure for service. In the
following the common design practice is followed.

For assessment of long-term displacement in the
context of foregoing, ACI 318 recommends a multi-
plier factor of 2.3’

Deflections are calculated using a frame analysis pro-
gram for each of the load cases: dead, live and post-
tensioning. Gross cross-sectional area and linear elas-
tic material relationship are used. Foint C at the middle
of epan 4 is selected for deflection check. The values for
this point are:

Span 4 Deflection

Dead Load 55 mm
Fost-Tensioning -2.1 mm
Dead Load + FPT 3.4 mm

Live Load Deflection 2.1 mm

% Long-term Deflection
Multiplier factor assumed for effects of creep and
shrinkage on long-term deflection = 2°°

35 TR-43 5.8.4; ADAPT-TN292

36 Both ACI 318 and EN 1992-1-1:2004(E) tie the deflection
check for long-term values subsequent to installation of mem-
bers that are likely to be damaged from added deflection.

37 ACI318-11R9.5.2.5

38 ACI 318 multiplier factor
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Load combination for long-term deflection, using a fac-
tor of 0.3 for sustained “quasi-permanent” live load:
(1.O*DL + 1.O*PT + 0.27LL)*(1 + 2)

Long-term deflection: (1 + 2)*(3.4 + 0.3*2.1) = 12.1 mm
Deflection ratio = 12.1/(10.5"1000) =1/667 < 1/250 OK

% Instantaneous Deflection Due to Design Live Load
Live load deflection = 2.1 mm

Deflection ratio = 2.1/(10.5"1000) = 1/5000

<1/480 or 1/500 OK

Deflection does not generally govern the design for
members dimensioned within the limits of the rec-
ommended values in ACI 318 and balanced within
the recommended range, and when subject to load-
ing common in building construction. For such cases,
deflections are practically always within the permis-
sible code values.

8 CODE CHECK FOR STRENGTH

&.1Load Combinations
<% ACI-318/1BC

1.2°DL + 1.6*LL +1* Hyp
1.4*DL + 1*HYP

% EC2
1.35"DL + 1.57LL + 1" Hyp

% TR43
1.35"0L + 1.57LL + 0.9" Hyp

For strength combination, the hyperstatic (Hyp) ac-
tions (secondary) from prestressing are used. The
background for this is explained in detail in refer-
ence [Aalami, 1990].

8.2 Determination of Hyperstatic Actions

The hyperstatic moments are calculated from the reac-
tions of the frame analysis under balanced loads from
prestressing (Loads shown in Fig. 6.4-4). The reactions
obtained from a standard frame analysis are shown in
Fig. 8.2-1a. The reactions shown cause the hyperstatic
moments in the frame shown in Fig. &.2-1b.

The hyperstatic (secondary) reactions must be in
self-equilibrium, since the applied loading (balanced
loads) are in self-equilibrium.

Check the validity of the solution for static equilibrium
of the hyperstatic actions using the reactions shown
in Fig. &.2-1a:

LVertical Forces = -15.65 + 19.62 +0.42 + 5.529-9.924
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=0.005 =0 0K

IMoments about Support 1= -82.44%2-17.75*2
+A4.872 + 26512 + 92.73%2 + 19.86279 +0.42™19 +
5.529*29.6-9.924*40.1 = -0.05 kNm = O OK

8.3 Calculation of Design Moments
The design moment (M,) is the factored combination
of dead, live and hyperstatic moments.

Using ACI/IBC

Design moments are:

My = 1.2 Mp + 1.6" M|+ 1.0™ Mygyp
Muz =14 MD +1.0* MHYF

The second combination governs, when the values
from dead load are eight times or larger than live
loads. This is a rare condition.

By inspection, the second load combination does not
govern, and will not be considered in the following.

The factored moments for the codes considered are
listed in the following table.

8.4 Strength Design (ULS) for Bending and Ductility
The strength design for bending consists of two pro-
visions, namely

% The design capacity (®*M,; R) shall exceed the
demand. A combination of prestressing and non-
stressed steel provides the design capacity.

% The ductility of the section in bending shall not be
less than the limit set in the associated building code.
The required ductility is deemed satisfied, if failure
of a section in bending is initiated in post-elastic re-
sponse of its reinforcement, as opposed to crushing
of concrete. For the codes covered in this example
this is achieved through the limitation imposed on
the depth of the compression zone (see Fig. C-8.4-1).
The depth of compression zone is generally limited
to 50% or less than the distance from the compres-
sion fiber to the farthest reinforcement (dr). Since
the concrete strain (e.) at crushing is assumed be-
tween 0.003 and 0.0035, the increase in steel strain
(e,) will at minimum be equal to that of concrete at
the compression fiber. This will ensure extension of
steel beyond its yield point (proof stress) and hence
a ductile response.

For expeditious hand calculation, the flexural capac-
ity of a post-tensioned member in common build-
ing structures can be approximated by assuming a
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PTS458m
8244 773 48T 2681 673
Ii 1585 1082 | 042|583 —..!?9.92
8244 [-1773  [487 2651 9273

(a) Reaction due to balanced
loading (kN; kNm)

Heaap o0 %6 133.00 18250

(b) Hyperstatic moments (kNm)

Post-Tensioning Actions on Design Strip
FIGURE &.2-1

conservative maximum stress for prestressing ten-
dons. For detailed application of the code-proposed
formulas refer to TN179. Application of strain com-
patibility for the calculation of section capacity is the
accurate option (see TN178 for details), but its appli-
cation for hand calculation is not warranted in daily
design work of a consulting office, unless a software
is used.

There are two justifications, why the simplified
method for ULS design of post-tensioned sections in
daily design work are recommended. These are:

(i) Unlike conventionally reinforced concrete, where
at each section along a member non-prestressed re-
inforcement must be provided to resist the design
moment, in prestressed members this may not be
necessary, since prestressed members possess a

TABLE 8.3-1 Desigh Moments (T16251)

Span 4 Point A Point B Point C“
Mo (kN-m)  [-901.00 -319.70 296.69
M. (kN-m) |-34740 | -126.60 116.20
Mur (KN-m) | 84.24 92912 133.40
ACI 318-11/1BC 2012 : 1.2DL+.6LL+THyp |
Mo kN-m 155280  |-487.08 67559

| EC2:1.35DL+1.5LL+1Hyp

Mo KN-m|-165321 | 52238 | 70850
TR 43 : 1.35DL+1.5LL+0.9Hyp :

Mo KN-m 166163 | 53229 | 69516
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base capacity along the entire length of prestressing
tendons (Fig. C- 8.4-2a,b). Non-stressed reinforce-
ment is needed at sections, where the moment de-
mand exceeds the base capacity of the section.

(ii) In conventionally reinforced concrete, the stress
used for rebar at ULS is a well-defined in the prin-
cipal building codes. For prestressed sections, how-
ever, the stress in tendon at ULS is oftentimes ex-
pressed in terms of an involved relationship—hence
the tendency to use a simplified, but conservative
scheme for everyday hand calculation. For repetitive
work, computer programs are recommended.

Using strain compatibility procedure® the required re-
inforcement for each of the three codes are calculated.
The outcome is as follows.

% CrackingMomentLarger than Moment Capac-
ity: Where cracking moment of a section is likely to
exceed its design capacity in flexure, reinforcement
is added to raise the moment capacity. In such cases,
the contribution of each reinforcement is based on
the strength it provides. If the minimum value is ex-
pressed in terms of cross-sectional area of reinforce-
ment, the applicable value is (4, + Ap* f,/f,).

% Bonded (Grouted) Tendons

ACI-318%/IBC requires that for members rein-
forced with bonded tendons the total amount of pre-
stressed and nonprestressed shall be adequate to
develop a factored load at least 1.2 times the crack-
ing load computed on the basis of the modulus of
rupture of the section. In practice, this is taken as
cracking moment of the section Mcr.

The necessity and amount of rebar is defined as a func-
tion of cracking moment of a section (Mcr). For Pre-
stressed Members

Mcr = (fr + P/A)*S
Where, fris the modulus of rupture defined*
Fr = 0.625 Vfc = 0.625 V40 = 3.95 MPa

PIA is the average precompression, and S the section
modulus. The Table 7.4-1 summarizes the leading values
and the outcome.

39 ADAPT-TN178
40 ACI 318-11 Section 18.8.2
41 ACI 318-11 Section 9.5.2.3
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FIGURE C&.4-1 Distribution of Strain over Section

Since at both the face-of-support (section A) and mid-
span (section C) the design capacity of the section
with prestressing alone exceeds 1.2*Mcr, no additional
rebar is required from this provision.

In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a target, it is advisable to start the check
using a simplified, but conservative procedure. If the
computed value is close to the target, design check
can be followed with a more rigorous computation.

Table 8.4-1 Summary of Required Reinforcement for
Strength Limit State (mm?2) (T16351)

Code Unbonded Bonded
Support Span Support Span
ACI/IBC 3120 1923 1029 0
EC2 4945 | 2590 3003 | 726
TR43 4945 | 2560 3003 | 726

Assume the following:

Cover to strand CGS = 40 mm;

hence d = h (thickness)-40

Moment arm = 0.9d

Design force in strand = Aps* 1860 MPa; ® = 0.9

At face-of-support, with 23 strands, 1860 MPa
strength

®*Mn = 23* 99*0.9* 1860* (440-40)* 0.9/106 =
1372.21 kNm

The capacity is less than 1.2Mcr=1411 kNm for this
section. Rebar has to be added.

Design moment at midspan is calculated in a similar
manner.
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TABLE 8.4-2 Cracking Moment Values and Parameters

(T16450)
Basic Span 4 Section A | SectionC
paraarr;;ters Srop (MM3) 245E+08
analysie Spor (MmM3) 9.93E+07
P (kN) 2757 2737
P/ A (MPa) -0.85 -1
fr + (PIA) 4.8 505
Mcr (KNm) 176 501.46
1.2 Mcr (kNm) 1411 601
D Mn (KNm) 1572 686
Status Added rebar oK

TABLE &.4-3 Envelope of Reinforcement for
Serviceability (5LS) and Strength Conditions
(ULS) (mm?) (T16551)

Unbonded Bonded
Code
Support Span Support Span
; ACI/IBC 3120 3378 1029 0
EC2 4945 2590 3003 726
TR43 4945 4235 2003 726

8.5 Punching Shear Check and Design

For moment capacity, the values obtained for a giv-
en section using different major building codes do
not vary substantially. But, for punching shear, the
treatment and outcome differ significantly. Due to
the larger variation, the subject matter is treated in
greater detail separately (Chapter 4, Section 4.11.6).

9 - CODE CHECK FOR INITIAL CONDITION

At stressing (i) concrete is at low strength; (ii) pre-
stressing force is at its highest value; and (iii) live
load generally envisaged to be counteracted by
prestressing is absent. As result, the stresses expe-
rienced by a member can fall outside the envelope
of the limits envisaged for the in-service condition.
Hence, post-tensioned members are checked for
both tension and compression stresses at transfer of
prestressing. Where computed compression stress-
es exceed the allowable values, stressing is delayed
until either concrete gains adequate strength, or the
member is loaded. Where computed tension stresses
are excessive, ACI/IBC*? suggest adding non-stressed
reinforcement to control cracking.

42 ACI 318-11; Section 18.4
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(a) Post-tensioned member

Capacity

(b) Moment capacity from PT

FIGURE C&.4-2 Demand and Capacity Moments (F500)
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A °
rebar \\ <
prestressing
(a) Section (b) Elevation

Distribution of Basic Forces on a
Rectangular Section

FIGURE C&4-5

9.1Load Combinations

The codes covered are not specific on the applicable
load combination at transfer of prestressing. The fol-
lowing is the combination generally assumed among
practicing engineers;

Load Case: 1.0*DL + O*LL + 115*FT

Specification of this desigh example calls for tendons
to be stressed with concrete cylinder reaches 30 MFa.
fei = 30 MPa*

9.2 Stress Check
o = +(Mp + 115"Mp1)/S + 1L1I5*F/A
S =1/Y,

Allowable Stresses
< Based on ACl 3186-11; IBC 2009

43 The value specified is on the high side. Most hardware
are designed to be stressed at 20MPa concrete cylinder
strength or less.
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TABLE 9-1 5tresses at Transfer of Fost-Tensioning

(M66SI)
d_sﬁem 4 Section A | Section B | Section C
Mo (kN-m) -901.00 -319.70 296.69
Mer (KN-m) 425.80 23445 110.20
[P (kN) 2737 2737 2757
P/A (MPa) -0.85 4110 110
£, (MPa) 0.70 -0.76 -2.98
¢, (MPa) -3.67 .77 0.45
" ACI-TI/IBC 2009
F. (MPa) 137 18 18
F, (MPa) 18 18 137
TNl oK oK oK
EC2 -
F. (MPa) 2.90 18 18
| F. (MPa) 18 18 2.90
oK oK oK
| TR-43
| F. (MPa) 116 12 12
'Fo (MP2) | =12 | =2 | 16
oK oK oK

Note: Section properties |, A, Stop, Sbot are the same
as used for service condition stress check Fy and Fy, are
allowa-ble stresses at top and bottom respectively
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Profile for Banded Slab Tendons
FIGURE 10-1

Tension = 0.25* V30 = 1.37 MPa
Compression = 0.60* 30 = -18& MFPa
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FIGURE 10-2 Layout Using ACI 316 Solution

% Based on EC2
Tension = fiiee6 = 2.90 MFPa
Compression = 0.60™ 30 = -1& MFa

< Based on TR-43

Tension = 0.4, = 1.16 MPa

Compression = 0.40™ 30 = -12 MFa

Farthest fiber stresses are calculated in a similar man-
her with to service condition as outlined earlier. The out-
come is summarized in the following table.

10 - DETAILING

The final tendon and reinforcement layout for the de-
sign strip at line B is shown in figures 10-1 and 10-2 for
unbonded tendons. Unbonded tendons are flexible and
lend themselves to swerving on plan as shown in the
figure. Bonded tendons are not as flexible. They are gen-
erally arranged along straight lines.
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CHAPTER 7

POST-TENSIONED BEAM DESIGN
STEP-BY-STEP CALCULATION

9
f
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1

R

Post-Tensioned Parking Structure Using Beam Frames and One-Way
Slabs (P466)

FOREWORD

The example selected represents a frame of a one-
way slab and beam construction—typical of parking
structures, or floors, where span in one direction is
two or more times the span in the orthogonal direc-
tion, for which a beam and one-way slab will be ap-
propriate. The beam frame selected has three spans,
each with a different length. The third span is pur-
posely selected to be short, compared to the other
two. Also, the optimum post-tensioning for the de-
sign is one with different amount of post-tensioning
along the length of the structure, and variable profile
from span to span.

The objective in selecting a somewhat complex
structure is to expose you to the different design sce-
narios that you generally encounter in real life struc-
tures, but are not featured in text books—in particu-
lar, where span lengths in a continuous member are
widely different.

The example walks you through the 10 steps of de-
sign of post-tensioned structures. Aspects of design

Post-Tensioned Buildings

conditions that are not covered in the design of the
example selected, but are important to know, are
introduced and discussed as comments or inserted
examples.

Design operations that are considered common
knowledge, such as the calculation of moments and
shears, once the geometry of a structure, its material
and loading are known, are not detailed. You are re-
ferred to your in-house frame programs.

The design example covers side by side both the un-
bonded and bonded (grouted) post-tensioning sys-
tems, thus providing a direct comparison between
the design processes of the two options. In addition,
in parallel, the design uses the current American
building codes (ACI-318! and IBC?) along with the
European Code (EC23). Where applicable, reference
is made to the UK’s committee report TR43*.

I ACI318-11

2 IBC 12; International Building Code 2012
3 EN 1992-1-1:2004(E)

4 TR43-2005; Concrete Society, UK

www.PT-structures.com
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The common method of analysis for beam frames and
one-way slabs is the Simple Frame Method (SFM).
While it is practical to use SFM in the environment
of consulting firms for design of one-way slabs and
beam frames, it becomes laborious if an optimum
design for the post-tensioning is sought. The itera-
tive nature of optimization for post-tensioning lends
itself well to the application of computer programs,
such as ADAPT-PT for expediency in design.

The hand calculations are supplemented by a com-
puter run from ADAPT-PT for verification.

Two text fonts are used in the following. The numer-
ical work that forms part of the actual calculations
uses the font shown below:

This font is used for the numerical work of the design.

The following text font is used, wherever comments
are made to add clarification to the calculations:

This font is used to add clarification to the calculations.

DESIGN STEFPS
1. GEOMETRY AND STRUCTURAL SYSTEM
1.1 Dimensions and Support Conditions
1.2 Effective Width of Flanges
1.5 Section Properties
2. MATERIAL PROPERTIES
2.1  Concrete
2.2 Nonprestressed Reinforcement
2.5 FPrestressing
5. LOADS
3.1 Selfweight
5.2 Superimposed Dead Load
3.5 Live Load
4. DESIGN PARAMETERS
4.1 Applicable Code
4.2 Cover to Rebar and Frestressing Strands
4.5 Allowable Stresses
4.4 Crack Width Limitation
45 Allowable Deflection
5. ACTIONS DUE TO DEAD AND LIVE LOADS
©. POST-TENSIONING
©.1 Selection of Design Parameters
0.2 Selection of Fost-Tensioning Tendon Force and
Profile
©.5 Selection of Number of Strands
6.4 Calculation of Balanced Loads
©.5 Determination of Actions due to Balanced
(post-tensioning) Loads
7. CODE CHECK FOR SERVICEABILITY
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7.1 Load Combinations
7.2 Stress Check
7.5 Crack Width Control
7.4 Minimum Reinforcement
75 Deflection Check
5. CODE CHECK FOR STRENGTH
5.1 Load Combinations
6.2 Determination of Hyperstatic Actions
8.3 Calculation of Design Moments
8.4 Strength Design for Bending and Ductility
85 One Way Shear Design
9. CODE CHECK FOR INITIAL CONDITION
9.1 Load Combinations
9.2 Stress Check
10. DETAILING

1- GEOMETRY AND STRUCTURAL SYSTEM

The floor consists of a one-way slab supported on par-
allel beams as shown in Fig. 1-1,

1.1 Dimensions and Support Conditions

< Geometry is as shown in Fig. 1-1(a) and (b)

< Beam cross section as shown in Fig. 1-1(c)

% Total tributary width = 5 m typical

% Columns extend below the deck only; first and last
columns are assumed hinged at the bottom.

PTS424m
® @ ® da
30m| [I<350%360  Jfe 450 x450 3] < 350 x 350
column
20m 7m  “5m

(a) Beam elevation (mm, UNO)

T N
Beam —7 _
| —11e 8
Ve S~
Column ~
Nr
(b) plan
; 3460 "
] ,
e =
T125
760
460

(c) section (mm)
Beam Frame Geometry
FIGURE 1-1
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TABLE 1.3-1 Section Properties (T13191)
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Spans 1 and 2 Span 5
Axial effects Bending effects Axial effects Bending effects
Area (mm?) 9.171e+5 5.996¢e+5 9.17'e+5 4.484e+5
lin% (mm%y | = 3185e+10 | 0 - 2472¢+10
Y, th. (mm) 164 246 184 310
Yy in. (mm) 576 512 576 450
Swp(mm®) | . 128e+® | - 7.97e+7
St (MM | = 622e+7 | 00 - 549%¢e+7

| = Second moment of area (moment of inertia);

Y; = distance of centroid to top fiber of section;
Y, = distance of centroid to bottom fiber of section;

End columns are assumed hinged and detailed as
hinged at the connection to the footing, in order
to reduce stresses and potential of cracking due to
shrinkage and creep of concrete for the first elevated
deck.

1.2 Effective Width of Flanges

When hand calculation is used in analysis of flanged
beams, an effective width is selected to account for
the bending effects of the structure. ACI-318-11° ex-
plicitly states that the effective width used for analy-
sis of conventionally reinforced flanged beams does
not apply when the same is post-tensioned, but does
not clarify the alternative. Section 4.8.3 outlines the
reason behind ACI-318’s standing and explains the
applicable procedure. Briefly, for axial forces (post-
tensioning) the entire cross-sectional area is effec-
tive. But, for computation of flexural stresses in hand
calculation a reduced flange width is applicable.

% For axial effects (precompression) use the entire
tributary of the structure

% For bending effects use the “effective width” val-
ue associated with the bending of the flanged beam.

Also, note that the effective width concept is associ-
ated with the distribution of elastic stresses in the
flange of a beam. It is applicable for “serviceability
limit” design (SLS) of a post-tensioned member. For
safety checks (ULS) the effective width does notapply.

Other codes and TR43 covered herein are also mute on
the effective width of a post-tensioned flanged beam.
For conventionally reinforced concrete, ACI 318-11°

5 ACI318-11, Section 18.1.3
6 ACI 318-11, Section 8.12.2

Siop= sECTION Modulus for top fiber; (1/7:); and
Spor = s€CEION Modulus for bottom fiber; (1/Ypor).

recommends the least of the following values for ef-
fective width of an interior span in bending:

(i) eight times the flange thickness on each side of
the stem,

(ii) one quarter of the span, or

(iii)the beam’s tributary.

Tributary width = 5000 mm

(i) Sixteen times flange thickness plus stem width
=16"125 + 460 = 2460 mm

(ii) One quarter of span

For span 1 = (20"000)/4 = 5000mm

For span 2 = (17*1000)/4 = 4250mm

For span 3 = (5™000)/4 = 1250mm

(i) Tributary width = 5000 mm

Assume the following:

Spans 1 and 2: 2460 mm

Span 3: 1250 mm

1.5 Section Properties

The section properties for the axial effects are the same
for all spans. For bending effects, however, due to differ-
ent effective widths, the section properties differ. The
section properties caloulated are listed in Table 1.5-1.

[ = Second moment of area (moment of inertia);

Y, = distance of centroid to top fiber of section;

Y}, = distance of centroid to bottom fiber of section;
Stop= section modulus for top fiber; (I/Y); and
Spot= section modulus for bottom fiber; (I/Ypot)-

2 - MATERIAL PROPERTIES

2.1Concrete
Cylinder strength ', f (28 day) = 26 MFa
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Weight = 24 kN/m>
Modulus of Elasticity = 4700 Vfc = 24870 MFa [ACI]
= 227102 [(f, +8)/ 101937 [EC2, TR-43];
= 32508 MPa
Creep coefficient t = 2
Material factor, y, = 1- ACI, 1.50 [EC2, TR-42]
Strength at transfer, f,; = 20 MPa

The creep coefficient is used to estimate the long-
term deflection of the slab.

2.2 Nonprestressed (Passive) Reinforcement

f, = 460 MFa

Elastic Modulus = 200000 MFz

Material factor, y, = 1 [ACI]; 115 — [EC2, TR-42]

Strength reduction factor (bending), @ = 0.9 [ACI];
=1[EC2, TR-43)]

2.3 Prestressing: (Figs 2.3-1through 2.3-4)
Material—low relaxation, seven wire ASTM 416 strand
Nominal strand diameter = 1% mm

Strand area = 99 mm?2

Elastic Modulus = 200000 MFa

Ultimate strength of strand (fou) = 1660 MPa
Material factor, y, = 1 [ACI]; 115 [EC2, TR-43]

System

Unbonded System

Angular coefficient of friction (u) = 0.07

Wobble coefficient of friction (K) = 0.003 rad/m
Anchor set (wedge draw-in) = 6 mm

Stressing force = 80% of specified ultimate strength
Effective stress after all losses® = 1200 MPa

Bonded System

Use flat ducts 20x80mm; 0.25 mm thick metal sheet
housing up to five strands

Angular coefficient of Friction (p) = 0.2

Wobble coefficient of Friction (K) = 0.003 rad/m
Anchor set (Wedge Draw-in) = & mm

Offset of strand to duct centroid (z) = 3 mm

Effective stress after all losses = 1100 MFa

Section through the bonded tendon duct in place is
shown in Fig. 2.3-1 and 2.3-2

7 EN 1992-1-1:2004(E) Table 3.1

8 For hand calculation, an effective stress of tendon is used.
The effective stress is the average stress alon g the length of
a tendon after all immediate and long-term losses. The value
selected for effective stresses is a conservative estimate.
When “effective stress” is used in design, the stressed

lengths of tendons are kept short, as it is described later in
the calculations.
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3 - LOADS

3.15elfweight

Slab = 0.125 m*2400 kg/m>*5m*9.8606/1000
=14.71 kN/m

Stem = 0.635*0.460*2400*9.8606/1000
= 0.7 kN/m

Total selfweight = 14.71 + 6.87 = 2158 kN/m

Post-Tensioned Beam Design

3.2 Superimposed Dead Load

From mechanical, sealant and overlay 0.5 kN/m?
= 0.5 kN/mZ*5 m= 2.5 kN/m

Total Dead Load = 21.58 + 2.5 = 24.08 kN/m?2

3.3 Live Load:? 2.5 kN/m?

Total live load = 2.5*5 = 12.5 kKN/m

MaxLL/DL ratio = 12.5/24.0& = 0.52 < 0.7 « Do not
skip live loading

Strictly speaking, live loads must be skipped (pat-
terned) to maximize the design values. But, when the
ratio of live to dead load is small (less than 0.75), it
is adequate to determine the design actions based
on full value of live loads on all spans (ACI-318-1117).
This is specified for slab construction, but it is also
used for beams.

4 - DESIGN FPARAMETERS

4.1 Applicable Codes

The design is carried out according to each of the fol-
lowing codes. Further, reference is made to the Commit-
tee Report TR42, where appropriate.

s ACl 316-2011; IBC-2012
% EC2 (EN 1992-1-1:2004)

4.2 Cover to rebar and prestressing strands
Unbonded and bonded system
Minimum rebar cover = 40 mm top and bottom

The cover selected is higher than the minimum code
requirement to allow for installation of top slab bars
over the beam cage in the transverse direction to the
beam.

Minimum prestressing CGS =70 mm

The cover and hence distance to the CGS (Center
of Gravity of Strand) is determined by the require-
ments for fire resistivity and positioning of tendons
within the beam cage. The distance 70 mm selected
is slightly higher than the minimum required. Its se-
lection is based on ease of placement.

9 The live load assumed is somewhat high. The common
value in the US, based on ASCE 07 is 2 kN/m2. Also, US
codes allow reduction of live load under certain conditions.
In this example, the higher value common in a number of
world regions is used and the value is not reduced.

10 ACI 318-11, Section 13.7.6

4.3 Allowable Stresses

A. Based on ACI 318-11/1BC 2012"

Allowable stresses in concrete are the same for bonded
and unbonded FPT systems

¢ For sustained load condition
Compression = 0.45*f; = 12.60 MFa
% For total load condition
Compression = 0.60™f; = 16.60 MFa

Tension: (Transition condition of design is targeted)
The range for transition (moderate cracking) is as fol-
lows:

= 0.62"VFf, < stress = 1.00*VF,

= 3.26 MFa < stress <= ©.29 MFa

For top fibers the lower value will be targeted, in or-
der to limit crack width and improve durability. For
the bottom fiber the higher value will be used, allow-
ing for a wider crack width

< For initial condition
Compression = 0.60 ;= 0.6™ 20 = 12 MFa
Tension = 0.25 Vf, = 1.12 MPa

For one-way systems, ACI 318-11 defines three con-
ditions of design, namely uncracked (U), transition
(T) and cracked (C). The three conditions are distin-
guished by the magnitude of the maximum hypothet-
ical tension stress in concrete at the farthest tension
fiber. For the current design example the transition
(T) condition is selected. For this condition, hypo-
thetical tension stresses can exceed 0.62Vf’. but not
larger than 1.00Vf’. However, since the surface of the
parking structure being designed is exposed, the de-
sign example uses a stress limit of 0.75Vf’. for the
top surface and the maximum value allowed by the
code for the bottom surface. This is not a code re-
quirement. Based on code, 1.00Vf’. would have been
acceptable. The selection of a lower value for the top
surface is based on good engineering practice.

B. Based on EC2"2

EC2 does not specify “limiting” allowable stresses in the
strict sense of the word. There are stress thresholds
that trigger crack control. These are the same for both
bonded and unbonded systems. For computed stressed
below the code thresholds, the minimum reinforcement
requirement provisions of ECZ suffices.

% For “frequent” load condition

11 ACI 318-11, Sections 18.3 and 18 4
12 EN 1992-1-1:2004(E), section 7.2




7-6

Concrete:
Compression = 0.60™f, = 0.6"286 = 16.80 MFPa
Tension (concrete) Fy = fop o = Fopm
Fy = 0.30%f, (2/3) = 0.30*26(2/2)
= 2.77 MFa (Table 3.1, EC2)
Tension (nonstressed steel) = 0.60%, = 0.8 *460
=208 MFa
Tension (prestressing steel) = 0.75
= 0.75"1860 = 1295 MFPa

< For “quasi-permanent” load condition
Compression = 0.45*f,, =0.45*28 = 12.60 MFa
Tension (concrete) = 2.77 MFPa

same as frequent load combination

Unlike ACI-318/IBC, provisions in EC2 permit'*
overriding the allowable hypothetical tension stress
in concrete, provided cracking is controlled not to
exceed the allowable values.

% For “initial” load condition (Table 3.1; EC2)
Tension (Unbonded) = foy ot = fopm

0.20%f; 212) = 0.30*20 2/3) = 2.21 Mpa
Compression® = 0.60*f,; = 0.6*20 =12 MPa

C.Based on TR-4 3"
Unbonded tendons
For “frequent” load combination
Tension = 1.35 f 5
fetm sl = larger of (1.6- h/1000) fi or oy
= larger of (1.6- 0.760) f 4 o foom
= larger of 0.64 ., oF Toom
form = 0.30™f, (&3) (Table 3.1, EC2)
=0.30*28 (2/3) = 2,77 MPa
Allowable tension stress = 1.35* 2.77 = 3.74 MFa

Bonded tendons

For “frequent” load combination

For the members with 0.2 mm allowable crack width, al-
lowable tension stress without bonded reinforcement is:
Tension = 1.65 fypma = 1.65* 2.77 = 457 MFPa

For tension (with bonded reinforcement)

Tension = 0.5f,, = 0.20*28 = .40 MFPa

Compression = 0.6 fy = 0.6*26 = 16.60 Mpa

TR-43 specifies allowable concrete compressive stress-
es for bonded PT systems, but is mute for unbonded

13 EN 1992-1-1:2004(E) , section 7.3.2(4)

14 EN 1992-1-1:2004(E) , section 7.3.2(4)

13 EN 1992-1-1:2004(E) , section 5.10.2.2(5)

16 TR-43 Second Edition, Table 3. For tensile stress, stress
limit without bonded reinforcement is considered.

17 EN 1992-1-1:2004(E) , Eqn.3-23
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systems. In practice, the same values are used for both
systems.

For “quasi-permanent” load combination:
Allowable tension stresses are the same as “frequent”
load condition.
Compression = 045" f = 0.45*28 = 12.60 MFa
% For “initial” load condition'®
Tension = 0.72 f.im
foem = 0.30*f; (33) (Table 3.1, EC2)
= 0.20*20 (2/3) = 2.21 MPa
Allowable tension stress = 0.72*2.21 = 1.59 MFa
Compression = 0.50*f;; = -10 MFa

4.4 Crack Width Limitation

A. Based on ACl 318-11/I1BC 2012

Crack width control and limitation applies when member
is designed for the “cracked” regime. No requirements
are stipulated, if as in this example, the stresses are
kept within the uncracked (U) or transition (T) regime.

B. Based on EC2"

In EC2, the allowable crack width depends on whether
the post-tensioning system used is “bonded,” or “un-
bonded,” and the load combination being considered.
Frequent load condition:

¢ Prestressed members with bonded tendons

0.2 mm; to be checked for frequent load case

% Prestressed members with unbonded tendons
0.5 mm; to be checked at quasi-permanent load case

C.Based on TR-43%20
For all members = 0.2 mm

4.5 Allowable Deflection

A.Based on ACl 318-11/1BC 2012%

In all major codes, the allowable deflection is tied
to (i) the impact of the vertical displacement on oc-
cupants; (ii) the possible damage to installed non-
structural objects such as partitions, glass, or floor
covering; and (iii) functional impairment, such as
proper drainage. Details of the allowable values, their
measurement and evaluation are given in Chapter 4.
For perception of displacement by sensitive persons,
consensus is limit of L/240, where L is the deflection
span. It is important to note that this is the displace-
ment that can be observed by a viewer.

18 TR-43 Second Edition, Section 5.8.2.
19 EN 1992-1-1:2004(E), Table 7.1N

20 TR-43 Second Edition, Section 5.8.3.
21 ACI 318-11, Section 18.3.5
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< Since in this design example there is no topping on
the finished slab, the applicable vertical displacement
is the total deflection subsequent to the removal of
forms.

% The deflection check for potential damage to non-
structural elements is not applicable in this case, since
the structure is a frame of an open parking structure.
% The drainage and ponding of water will be controlled
through proper sloping of the floors.

Total allowable deflection: L/240

The frame will be provided with a camber to minimize the

impact of deflection.

B. Based on EC27%2

The interpretation and the magnitude of allowable
deflections in EC2 are essentially the same as that of
ACI-318. The impact of vertical displacement on the
function of the installed members and the visual im-
pact on occupants determine the allowable values.
The following are suggested values:

Deflection subsequent to finishing of floors from quasi-
permanent combination: L/250

The frame will be provided with a camber to minimize the
impact of deflection.

C.Based on TR-4 323
TR43 refers to EC2 for allowable deflections.

In summary, the allowable deflection from the two
codes and the committee report are essentially the
same. Conservatively, it can be summarized as follows:

Total deflection from quasi-permanent load combina-
tion - L/250
Where, L is the length of the span.

5. ACTIONS DUE TO DEAD AND LIVE LOADING

The structural system of the frame and its dead and
live loading are shown in Figs. 5-1 through 5-2.

Actions due to dead and live loads are calculated for
this example using a generic frame analysis program.
The members are assumed prismatic and of uniform
cross section throughout the length of each span.
Spans 1 and 2 have the same geometry. Centerline to
centerline distances are used for span lengths. No al-
lowance is made in the hand calculation for stiffening
of members over support. Some software accounts for

22 EN 1992-1-1:2004(E), Section 7.4.1
23 TR-43 Second Edition, Section 5.8.4.
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TABLE 5-1 Moments at Face-of-Supports and Midspans (1122)

Span 1 Span 2 Span 3
Left Mid Right Left Mid Right Left Mid Right
Mp (kN-m) -112.60 | 636.00 | -926.00 | -802.80 | 262.40 -52120 | -267.40 | -68.88 5.27
M. (kN-m) 5645 | 330410 | -480.70 | -416.60 | 136.20 -166.860 | -138.80 -35.75 2.73 -
MD + O5ML
Sustained load | -130.14 | 735.03 | -1070.21 -927.864 | 303.26 | -371.24 | -309.04 | -79.61 6.09
(kN-m)) . |
Mo +M, ]
\:otal load -171.05 966.1 -1406.7 -1219.6 398.6 -488 -406.2 | -104.63 &
(kN-m) .

this stiffening and increase the moment of inertia of
the beam over the support region [ADAPT-FT, 2012].
The centerline moments calculated are reduced to the

face-of-support using the static equilibrium of each
span.

The critical design moments are not generally at
midspan. But, for hand calculation, the midspan
location is selected. The approximation is acceptable
when spans and loads are essentially uniform.

The computed moments from the frame analysis are
reduced to the face of each support using statics of
respective span. The face-of-support moments and the
moments at midspan are summarized in Table 5-1.

6.FPOST-TENSIONING

©.15election of Design Parameters

Unlike conventionally reinforced members, where
given geometry, boundary conditions, material prop-
erties and loads result in a unique design, for post-
tensioned members in addition to the above a mini-
mum of two other input assumptions are required,
before a design can be concluded. A common prac-
tice is (i) to assume a level of precompression and
(ii) target to balance a percentage of the structure’s
dead load. In this example, based on experience the
level of precompression suggested is larger than the
minimum required by ACI-318 code (0.86 MPa). Oth-
er major building codes do not specify a minimum
precompression. Rather, they specify a minimum re-
inforcement. Use the following assumption to initi-
ate the calculations.

Minimum average precompression = 1.0 MFPa
Maximum average precompression = 2.0 MFa
Target balanced loading =60 % of total dead load

Based on experience for economy of design, a mini-
mum precompression of 1.0 MPa over the entire sec-
tion is assumed. ACI 318 stipulates a minimum of
0.86 MPa. In the manual calculation, the minimum
precompression is used as an entry value (first trial)
for design. The stipulation for a maximum precom-
pression does not enter the hand calculation directly.
[tis stated as a guide for a not-to-exceed upper value.
For deflection control the selfweight of the critical
span is recommended to be balanced to a minimum
of 60% of its selfweight [Aalami, et al, 2003]. Other
spans need not be balanced to the same extent. As it
will become apparent further in the calculations, for
the current beam frame it is beneficial if the tendon
exerts a downward force on the third span, as op-
posed to an upward force in the critical (first) span.

Effective stress in prestressing strand:
For unbonded tendons: f,, = 1200 MPa
For bonded tendons: f,, = 100 MFPa

The design of a post-tensioned member can be based
either on the “effective force” or the “tendon selec-
tion” procedure. In the effective force procedure, the
average stress in a tendon after all losses is used in
design. In this case, the design concludes with the
total effective post-tensioning force required at each
location. The total force arrived at the conclusion
of design is then used to determine the number of
strands required, with due allowance for friction and
long-term losses. This provides an expeditious and

Post-Tensioned Beam Design

simple design procedure for hand calculations. In
the “tendon selection” procedure, the design is based
on the number of strands with due allowance for the
immediate and long-term losses. In the following, the
“effective force” method is used to initiate the design.
Once the design force is determined, it is converted
to the number of strands required.

The effective stress assumed in a strand is based on
the statistical analysis of common floor slab dimen-
sions for the following conditions (Fig. C6.1-1):

(i) Members have dimensions common in building
construction;

(ii) Tendons equal or less than 38 m long stressed at
one end. Tendons longer than 38m, but not exceed-
ing 76m are stressed at both ends. Tendons longer
than 76m are stressed at intermediate points to limit
the unstressed lengths to 38m for one-end stressing
or 76m for two-end stressing, whichever be appli-
cable;

(iii) Strands used are the commonly available 13 or
15 mm nominal diameter with industry common
friction coefficients as stated in material properties
section of this design example; and

(iv) Tendons are stressed to 0.8fpu.

For other conditions, a lower effective stress is as-
sumed, or tendons are stressed at intermediate
points. In the current design, the total length of the
tendon is 41 m. It is stressed at both ends. Detailed
stress loss calculations, not included herein, indicate
that the effective tendon stress is 1250 MPa for the
unbonded system and also larger than assumed for
the grouted system.

6.2 Selection of Post-Tensioning Tendon Force and
Profile

The design prestressing force in each span will be cho-
sen to match a whole number of prestressing strands.
The following values are used:

1. The effective force along the length of each tendon
is assumed to be constant. It is the average of force
distribution along a tendon.

Unbonded tendons
Force per tendon = 1200799 mm#/1000
=18.6 = 119.0 kN/ tendon
Use multiples of 119 kN when selecting the post-ten-
sioning forces for design.

Bonded tendons
Force per tendons = 1100799 mm?/1000

=105.9 =109.0 kN/ tendon
Use multiples of 109 kN when selecting the post-ten-
sioning forces for design.

2. Tendon profiles are chosen to be simple parabola.
These produce a uniform upward force in each span.

For ease of calculation the tendon profile in each
span is chosen to be concave upward, simple pa-
rabola from centerline to centerline of supports (Fig.
C6.2-1). The position of the low pointis selected such
as to generate a uniform upward force in each span.
The relationship given in Fig. C6.2-1 defines the pro-
file. For exterior spans, where the tendon high points
are not generally the same, the resulting low point
will not be at midspan. For interior spans, where
tendon high points are the same, the low point will
coincide with midspan. Obviously, the chosen profile
is an approximation of the actual tendon profile used
in construction. Sharp changes in curvature associ-
ated with the simple parabola profile assumed are
impractical to achieve on site. The tendon profile at
construction is likely to be closer to reversed parabo-
la, for which the distribution of lateral tendon forces
will be somewhat different as discussed henceforth.
Tendon profiles in construction and the associated
tendon forces are closer to the diagrams shown in
Fig. C6.2-2.

Wb\
] T
WpC v Wpd

oL =[/alb /(1 +/alb )]

W= 2aP/c?

Geometry and Actions of a Parabolic Tendon

FIGURE &.2-1

6.3 Selection of Number of Strands
Determine the initial selection of number of strands for
each span based on the assumed average precompres-
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sion and the associated cross-sectional area of each
span's tributary. Then, adjust the number of strands
selected, based on the uplift they provide.

Unbonded tendons

1.ON/mm2*9,171e+5 mm?2/1000 = 217.1 kN
Number of strands = 917.1 kN/119 kN = 7.71

9 strands sclected (& strands would work too)
Force in 9 strands = 9119 = 1071 kN

Bonded tendons

Number of strands = 917.1 kN/1O9Q kN = &.4

9 strands selected.

It is noted that the number of strands required to
satisfy the same criterion differs between the un-
bonded and bonded systems. Due to higher friction
losses, when using the bonded system, generally
more strands are needed to satisfy the in-service
condition of design. For brevity, without compromis-
ing the process of calculation, in the following the
same number of strands is selected for both systems.

6.4 Calculation of Balanced Loads

Balanced loads are the forces that a tendon exerts to
its concrete container. It is generally broken down
to forces normal to the centerline of the member
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(causing bending) and axial to it (causing uniform
precompression) and added moments at locations of
change in centroidal axis. Fig. C6.2-2 shows two ex-
amples of balanced loading for members of uniform
thickness.

Span 1

T}P)e profile of the first span is chosen such that the
upward force on the structure due to the tendon is
uniform. This is done by choosing the location of the
low point so that in each span the profile is a continu-
ous simple parabola (Fig. C6.2-1). Span 1 is the lon-
gest span and it is considered the critical span. It is
designed with maximum drape, in order to utilize the
maximum amount of balanced loading in the most
critical span. If the low point of the tendon is not se-
lected at the location determined by “c”, two distinct
parabolas result. The upward force from a single para-
bolic profile selected is shown in Fig.C 6.2-1.

Refer to Fig. C6.2-1 and C6.2-2
a =576 -"70 = 506 mm
b =690 -70 = 620 mm

L=20.0m

¢ = [506/6201°%/[1 + (506/620)°5)1*20.0
=949 m

Wy, = 1071 kN*2*0.506/9.49% = 1071*0.01124/m
=12.04 kN/m

% DL balanced = 12.04/24.0& = 50% < 60% NG
Prorated number of strands = (60%/50%)*9
=10.6 strands; use 12 strands
Force = 12*119 kN =1428 kN
W, =14256*0.01124/m =16.05 kN/m T
% DL balanced = 16.05/24.08& = 67% OK
Balanced load reaction, left =16.05 kN/m*9.49
=152.31 kN
Balanced load reaction, right=16.05 kN/m*10.51
= 168.69kN!
Fig. ©.4-1 shows the distribution of balanced loading for
span 1.

Span 2
Continuous Tendons

This span is shorter and not the critical span. There-
fore, the 9 tendons necessary for the assumed mini-
mum precompression of 1.0 MPa is used. In addition,
recognizing that balancing a lower percentage of
selfweight will be beneficial to the critical span (span
1); the minimum 60% used as guideline is waived for
this span. A smaller percentage for balanced loading
is preferred. The dead load in span 2 reduces the de-
sign moment of span 1. Balancing more dead load in
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span 2 will not be beneficial to the design. Also note
that the tendon low point is located at midspan.

W, = 50%*24.08 kN/m =12.04 kN/m T

a = WX LZ/8*P = [(12.04*172)/(&M071)]*1000
=405 mm

CGS =090 — 405 = 285 mm

Balanced load reactions = 12.04 kN/m*&.5 m
=102.24 kN | (Left and Right)

Added Tendons

Reduction of tendons from 12 in span 1 to 9 in span 2
means that 3 tendons from span 1 terminate in span 2.
The terminated three tendons are dead-ended in span
2. The dead-end is located at a distance 0.20L from the
left support at the centroid of the beam section. The
tails of the terminated tendons are assumed to be in
the shape of a half parabola with its apex horizontal
over the support and concave downward to the dead
end. Hence, the vertical balanced loading of these ten-
dons will be downward, with a concentrated upward
force at the dead end (Fig. 6.4-2). The magnitude of
the downward vertical force W, is:

Wy, = (2aP)/c?
a=090—-576 =114 mm
c=0.20M7=34m
W, = (2aP)/c? = (2*0.114 *3*119)/3.4°)
= 3"19*0.0197 = 7.04 kN/m |
Concentrated force at dead end =7.04*3.4 m
=2394 kN T

Span &

The tendon profile in this span is chosen to be
straight from the high point at the interior support,
to the centroid of the section at the exterior support.
The objective is to avoid uplift in the short span. As a
matter of fact, for this beam a downward force in the
third span would be beneficial to the design of the
interior span, since in this span the distribution of
dead load moment is all negative.

CGYS left = 690 mm
CGS right = 576 mm
CGS center = (690 + B576)/2 = 633 mm
Vertical balanced loading forces *are concentrated
forces acting at the supports only, they are equal and
opposite. Force is calculated using the tangent of the
tendon slope for the small angle.
W, = 1071 kN*(690 - 576)/(5"1000)

= 24.42 kN T(right); 1 (left)

7-11
PTS429m
r W= 14.35 kNim
I T
1, 153.26 kN

113374 kN

(a) Balanced loading

1
£
T |
E ©
9.32m | 10.68 m
20.0m
(b) Simple parabola

Tendon and Balanced Loading for Span 1

FIGURE ©.4-1

added PTS430m

690 ‘e;‘d°“ 690, 633

i N N\l
576 | ﬂ__,/T ——| [n

i 70| " 285
9.49m | 1051m | 85m | 85m |
20m | 17m ___L 5m |

(a) Simplified tendon profile

1428 kN f—+34m 1071kN -
L“Z strands ‘ [ ~ Ostrands | |

(b) Force diagram

~16.05 kN/im - 12.04 kN/m
| T T U TFTTTTIRT e
= LIU—7.04 KNfm E
v 168.69 kN[ 7 42w
152.31 kN Lo [—2394kN 10234k
102,34 kN *

(c) Balanced loading
Tendon, Force and Balanced Loading
FIGURE 6.4-2

The complete tendon profile, effective force and bal-
anced loading diagram is shown in Fig. ©.4-2.

Verify the computed balanced loading
() Sum of vertical forces must add up to zero:

I T




712

-152.31 - 168.69 + 16.05 *20 - 102.24 + 23.94 - 7.04
3.4 +12.04717 —102.54 - 2442 + 24.42

= 0.004 0K
(i) Sum of moments of the forces must be zero. Taking
moments about the first support gives:
-1686.69720 + 16.05 T20%/2 — 102.34720 —7.04
TBAT(20+5412) + 23.94 F254 + 12.04M77(20417/2)
—N02.24757 ~ 2442757 + 24.42%42 = 0.92 kN-m OK

The forces exerted by a tendon to its container
(beam frame in this case) are always in static equi-
librium, regardless of the geometry of tendon and
the configuration of the member that contains the
tendon. To guarantee a correct solution, it is critical
to perform an equilibrium check for the balanced
loads calculated (Fig. C6.4-2) before proceeding to
the next step. And, that the concentrated forces over
the supports are correctly computed and accounted
for. In particular, the force due to the short length of
the terminated strands in the second span must be
included to satisfy equilibrium. If equilibrium is not
satisfied, it becomes imperative to ensure that the
results err on the conservative side.

6.5 Determination of Actions due to Balanced (Post-
Tensioning) Loads

The distributions of post-tensioning moments due to
balanced loading are shown in Fig. 6.5-1. These actions
are obtained by applying the balanced loads shown in
Fig. ©6.4-2(c) to the frame shown in Fig. 5-1. The mo-
ments shown in the figure are those reduced to the
face-of-support. Midspan moments are also shown in
the figure.

-434.80 PTS431m

41830
| N 074
|
.35
T \ / a0

50270 | 49530
Post-Tensioning Moment
Distribution (kNm)

FIGURE ©.5-1

Actions due to post-tensioning are calculated using
a standard frame program. The input geometry and
boundary conditions to the standard frame program
are the same as used for the dead and live loads.

7 - CODE CHECK FOR SERVICEABILITY

Post-Tensioned Buildings

7.1Load Combinations

The following lists the recommended load combinations
of the building codes covered for serviceability limit
state (5L9).

* [ACI, 1BC]
Total load condition: 1*DL + 1*LL + 1*PT
Sustained load condition: "DL + O.37LL + 17PT#*

% [EC2, TR43]
Frequent load condition: 1*"DL + O.57LL + 1*PT
Quasi—permanent load condition: 1"DL + O.3*LL + 1*PT

For serviceability, the actions from the balanced
loads from post-tensioning (PT) are used. These are
due to “balanced loading.” The background for this is
explained in detail in reference [Aalami, 1990].

7.2 Stress Check
Critical Locations for Stress Check:

For hand calculation, the critical locations for stress
check are selected based on engineering judgment.
The selected locations may or may not coincide with
the locations of maximum stress levels. This will in-
troduce a certain degree of approximation in design,
which reflects the common practice for hand calcula-
tions. Computer solutions generally calculate stress-
es at multiple locations along a span, thus providing
greater accuracy.

PTS432m
A BC D E
| L !
I 'AL' L]
20m 17m 5m

Locations Selected for Detailed Design
FIGURE 7.2-1

By inspection, locations marked in Fig. 7.2-1 as sections
A through E are considered critical for design. These

24 ACI-318 specifies a “sustained” load case, but does not
stipulate the fraction of live load to be considered “sus-
tained.” It is left to the judgment of the design engineer to
determine the applicable fraction. The fraction selected var-
ies between 0.2 and 0.5. The most commonly used fraction
is 0.3, as it is adopted in this design example.
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are the midspan locations and the face—of—support lo-
cations of the first interior column,

The moment diagrams due to the combined action of
dead and live loading (Fig. 5-2 and 5-3) and the mo-
ment distribution due to post-tensioning (Fig. 6-5-1)
are used to determine the design values at the se-
lected locations.

Stresses:
0 = (Mp + M_ + Mp)/S + PIA
6 = |/Y(;

Where, Mp, M;, and Mpr are the moments across the
entire tributary of the design strip. S is the section
modulus of the cross-sectional area reduced through
effective width defined for bending action; 4 is the
area of the entire tributary; I is the second moment
of area of the portion of the cross-section that is de-
fined by the effective width for bending; and Y, is the
distance of the centroid of the reduced section (de-
fined for bending) to the farthest tension fiber of the
section.

Y1 =248 mm; Yg = 512 mm

Stop = 2.185e+10/248 = 1.284e+& mm3
Spot = D.185e+10/512 =6.221e+7 mm?2
A = N7100 mm?

P/IA = -1428 *1000/217100 = -1.56 MFPa

A. Based on ACI 318-11/1BC 2012

Stress checks are performed for the two load condi-
tions of total load and sustained load. For allowable
values see Section 4.3(A).

Foint A
% Total load combination
0 = (MD + ML + MF’T)/S + P/A
Mp + ML + Mpr = (636+330.10 — 434.80)

=531.50 kN-m
Top
0 = -b31.30 "10002/1.284e+8 —1.56 = -5.70 MFa Com-
pression < -10.60 MFa OK
Bottom
0 = 531.30 “1000%/6.221e+7 — 1.56 = 6.98 MFa Ten-
sion > 5.29 MFa NG
The stress check is considered acceptable, since it re-
fers to “total” load condition. The member will be con-
sidered in “cracked” regime. Deflections have to be cal-
culated using cracked sections
% Sustained load combination
0 = (Mp + 0.3M_ + Mp1)/S + P/A

4 =
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Mp + 0.3 M| + Mpr— = (636+0.3*330.10 — 454.80)

= 500.25 kN-m
Top
0 = -300.2310002/1.264e+& — 1.56

= -3.90 MFa Compression < -12.60 MFa OK
Bottom
o = 300.23 "M000%/6.221e+7 — 1.56

= 3.27 MFa Tension < 3.28& MFa OK
Since the tensile stress does not exceed the thresh-
old of “Transition,” the section is treated as uncracked.
Otherwise deflections have to be calculated using
cracked sections

B. Based on EC2

Stress checks are performed for the two load con-
ditions of frequent load and quasi-permanent load.
The outcome will determine whether crack width
needs to be controlled or not. See section on “Allow-
able Stresses.”

Foint A

< Frequent load condition

0 = (Mp +O.5 M| + Mpr)/S + PIA

Stress thresholds:

Compression = -16.860 Mpa ; Tension = 2.77 MFa

Mp + O.5M| + Mpr = (636 + 0. 5*330.10 — 424.60)
= 306.25 kN-m

Top

0 = -200.25 "0002/1.284e+8& — 156 = -4.41 MFPa Corm-
pression < -160.60 MFPa OK

Bottom

0 = 506.25 "1000%/6.221e+7 — 1.56 = 4.32 MPa Ten-
sion > 2.77 MFa Control cracking
< Qua@i-p@rmanent load condition
0 = (Mp +0.3 My + Mp7)/S + P/A
Stress thresholds:
Compression = - 12.60 Mpa; Tension = 2.77 MPa
Mp + 0.2M + Mpr = (636+0. 3*330.10 — 434.60)
= 200.23 kN-m
Top
0 = -300.23"1000%/1.284e+8 — 156 = -3.90 MFa
Compression < -12.60 MFa OK
Bottom
o = 300.23 10002/6.221e+7 — 1.56
= 3.27 MFa Tension > 2.77 MFa
Hence control cracking®

C - Basedon TR-43
For stress limits see Section 4.3(C) Design is based
on 0.2mm crack width

25 EN 1992-1-1:2004(E) , Section 7.3.4
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TABLE 7.2-1. Sevice Extreme Fiber Stresses at Selected Foints (1133)

Post-Tensioned Buildings

Load Point A Point B Point C Point D Point E
Combination
Based on ACI 08/IBC 2009
Sustained f. (MPa) -3.90 216 1.61 -2.61 -0.66
load f. (MPa) 3.27 -0.24 -6.51 1.60 -1.62
F. (MPa) -12.60 3.97 3.97 -12.60 -12.60
F. {(MPa) 5.29 -12.60 -12.60 5.29 -12.60
OK OK OK OK OK
Total f. (MPa) -5.70 478 4,08 -3.35 -0.54
Load f. (MPa) 6.98 -14.64 -13.20 3.54 -2.08
F. (MPa) -16.80 3.97 2.97 -16.860 -16.80
F, (MPa) 5.29 -16.860 -16.60 5.29 -16.60
NG* NG* NG* OK OK
Based on EC2
Frequent f. (MPa) -4.41 2.91 246 -2.62 -0.77
— f, (MPa) 4.33 -10.7& -2.65 224 -1.75
F. (MPa) -16.80 2.77 277 -16.80 -16.80
F., (MPa) 2.77 -16.60 -16.60 277 -16.60
NG NG OK OK oK
Quasi- f. (MPa) -390 216 1.61 -2.61 -0.866
Permanent
Load f, (MPa) 3.27 -0.24 -6.51 1.60 -1.62
F. (MPa) -12.60 277 277 -12.60 -12.60
F. (MPa) 277 -12.60 -12.60 2.77 -12.60
NG oK OK OK oK
Based on TR-43
Frequent f. (MPa) -4.41 2.91 240 -2.82 -0.77
kes f, (MPa) 453 1078 -9.85 2.24 175
F. — Unbonded -16.80 3.74 3.74 -16.860 -16.60
Bonded (MFPa) -16.80 4.57 4.57 -16.80 -16.60
F, — Unbonded 3.74 -16.60 -16.60 2.74 -16.60
Bonded (MFa) 457 -16.60 -16.60 4.57 -16.80
NG OK OK OK OK
Quasi- f. (MPa) -3.90 NA NA -2.61 -0.66
B et % (W) NA “9.24 51 NA 162
(MPa) -12.60 -12.60 -12.60 -12.60 -12.60
OK oK OK oK OK

Post-Tensioned Beam Design

At point A
% Frequent load condition
0 = (Mp +0.5 M| + Mpr)/S + P/A
Stress limits
Unbonded tendons
Compression = -16.60 Mpa; Tension = 3.74 MFa
Bonded tendons
Compression = -16.60 Mpa
Tension for 0.2mm crack width; without bonded rein-
forcement = 4.57 Mpa
O.2mm crack witdth with bonded reinforcement
=8.40 MFPa
MD + O5ML + MPT
= (6256+0. 5*330.10 — 434.80) = 366.25 kN-m
To
o z -5606.25 *0002/1.284¢+8 —1.56 = -4.41 MFPa Com-
pression < -16.60 MFPa OK

Bottom
0 = 566.25"000%/6.221e+7 —1.56 = 4.32 MFa Tension
> 3.74 MPa for unbonded tendon. Need to add non-pre-
stressed reinforcment and control crack width.
Tension = 4.32 MFa< 4.57 MFa
OK for bonded tendon
% Quasi-permanent load condition
0= (MD +0.3 M|+ MFT)/S + P/A
Mp + O.3M| + Mpr = (636+0. 3*330.10 — 434.80)
= 300.23 kN-m
Top
0 = -300.23*10002/1.284e+8 — 156
= -3.90 MFa Compression < -12.60 MFPa OK

Since the tensile stresses at one or more locations ex-
ceed the threshold for uncracked sections, rebar has to
be provided in order to limit the crack width. For ACI-318&
code, if the tensile stress exceeds the limit of WFc, de-
flections should be calculated using cracked sections.

7.3 Crack Width Control

A. Based on ACl 318-11/1BC 2012

Since the tensile stress exceeds the limit for cracked
sections, the section should be treated as cracked and
the deflection should be calculated for cracked sec-
tions.

B. Based on EC22°

The allowable crack width for members reinforced
with unbonded tendons (quasi-permanent load
combination) is 0.3 mm, and for bonded tendon
(frequent load combination) is 0.2 mm. Since in this

26 EN 1992-1-1:2004(E) , Section 7.3.3
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example the maximum computed tensile stress ex-
ceeds the threshold limit, crack width calculation is
required based on section 7.3.4 of EC2 code. If the
calculated crack width exceeds the threshold, EC2
recommends to limit the bar diameter and bar spac-
ing to the values given in Table 7.2N or 7.3N of EC2 to
limit the width of cracks

Using EC2, The crack width calculation for frequent
load combination is explained in the following.

Foint A

Crack width, W, = S, v (€5m — €cm)?

€om — Ecm = [05 — kg *(fct,.eff/pp,cf'F)(‘| + & pp,eff)]/Es
= 0.6 0,/E,

Where,

A, = E,/E,m = 200000/32308 = 6.19

Pp.ett = (A + 212 A,p)/ Acetf

Ag =0 mm2
A, = area of tendons within A;
=12*99 = 1168 mm?2
&=V (E 0./,
§= 0.5 (From Table 6.2)
@, = largest diameter of bar =22 mm
@, =175"13 = 23 mm
& =V (05*22/23) = 0.70
Aceff = Ne e bW
heeff = lesser of (2.5%(h-d), (h-x)/3, (h/2))
= 4.3%* 760/(4.25+4.41) = 377 mm
d = 700- 40-22/2 = 709 mm
heett = lesser of (25%(760-709), (760-377)/3
(760/2)) = 128 mm
Agerf = 1286460 =56680 mm?
Ppeft = (O + 0.702*188)/ 58880 =0.00969
0, = (f/E,)E,
f = tensile stress due to DL+O.3LL = (Mp+0.3 M, )/S
= (656+0.5"330.10)11000%/6.22*107
=12.68 MFPa
0, = (12.68/32308)*200000 =79.73 MFa
ky = 0.4 (coefficient for long-term loading)
feroff = fogm = 0.3 *(28)(2/2) = 2.77 MPa
Eom ~ Ecm = [0 — kg *(fct,eff/pp,e\cf)m + O pp.eff)]/E5
=[79.73— 0.4 *(2.77/0.00989)(1 +
6.19*0.009869)]/200000
=-0. 000196 < 0.6*79.73/200000
= 0.000229 srmax = 1.5%(h-x) =1.3* 363 = 498 mm
Crack width, W, = 4986*0.000239 = 0.12 mm
< 0.2 mm OK
Frovide minimum reinforcement for cracking. It is pro-
vided with minimum rebar in 7.3.4.

2T EN 1992-1-1:2004(E) , Section 7.3.4
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Similarly the crack width calculation should be per-
formed at B.

EXAMPLE 1

To illustrate the procedure for crack control by way
of addition of reinforcement, as recommended in
EC2, as an example let the maximum tensile stress
exceed the threshold value by a large margin.

Given: computed hypothetical farthest fiber tensile
stress in concrete f = 20MFa

Required: reinforcement design for crack control
Calculate stress in steel at location of maximum con-
crete stress: 0, = (f/Ec)*Es

Where f is the hypothetical tensile stress in concrete
at crack tip

0, = (20/32308)*200000 =123.81 MFa

(this is a hypothetical value)

Crack spacing can be limited by either restricting the
bar diameter and/or bar spacing. Use the maximum bar
epacing from Table 7.3 N for the o, of 123.61 MFa.
From Table, for 160 MFPa - 300 mm

Since it is less than the minimum steel stress, use the
same spacing as 160 MFPa. The maximum spacing for
12581 MFa is 300 mm. Note that based on the mag-
hitude of the computed tensile stress in concrete the
area of the required reinforcement for crack control is
calculated separately.

C.Based on TR-4 328

The allowable crack width for all members is 0.2
mm. Since in this example the maximum computed
tensile stress at A exceeds the threshold limit for un-
bonded tendon, crack width calculation is required
based on EC2 section 7.3.4. From the crack width cal-
culation performed at A for the EC2 code in B of this
section, it is found that calculated crack width, 0.12
mm, is less than the allowable width of 0.2mm. If the
calculated crack width exceeds the threshold, TR43
recommends either revise the design parameters
(slab depth, prestress level etc) or add additional
bonded reinforcement and recalculate crack width.

For bonded tendons, if the hypothetical tensile stress
exceeds the threshold values, rebar needs to be add-
ed to limit the cracking as follows:

Add 0.0025A; rebar in tension zone as close to ex-

28 TR-43, Second edition, Section 5.8.1 and 5.8 3
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treme tension fiber as practical for every 1MPa of
stress above the threshold up to the stress of 0.30f .
The addition of this rebar for overage of stress is
deemed to satisfy the intent of crack control.

Since the maximum computed tensile stresses at the
selected points are below the threshold for crack
control, added rebar is not required. For complete-
ness, the following example illustrates the proce-
dure, should crack control become necessary.

EXAMPLE

To illustrate the procedure for crack control rebar for
bonded tendon, as an example let the maximum com-
puted tensile stresses exceed the threshold value.

Given: Concrete strength: 28 MPa; threshold for crack
control 3.5 MPa; computed hypothetical stresses:

Top fiber: f, = -4.41 MPa compression

Bottom fiber: f, = 4.33 MFa tension

Maximum allowable tension = 0.3f,, = 8.4 MPa

Required: Determine (i) depth of neutral; (ii) area of ten-
sion zone; (iii) percentage of rebar to be added using the
area of tension zone.

Rebar to be added: A, = 0.0025*A;*(4.33-3.5)

Where, A, = area of tension zone

Depth of neutral axis

X =4.55" 760/(4.33+4.41) = 377 mm

Ay = 377460 = 1.734e+05 mm?2

As = 0.0025".734e+05*(4.33-3.5) = 360 mm?2

No.of Bars = 560 /287 = 0.93 Use 1- 22 mm bars

Ay =1%3587 = 367 mm?

7.4 Minimum Reinforcement

There are several reasons why the building codes
specify a minimum reinforcement for prestressed
members. These are:

Crack control: Bonded reinforcement contributes
in reducing the width of local cracks. The contri-
bution of bonded reinforcement to crack control is
gauged by the strain it develops under service load.
The force developed by bonded reinforcement in re-
sisting cracking depends on the area of steel and its
modulus of elasticity.

The area of reinforcement considered available for
crack control is (A, + Apg), where A is the area of
bonded tendons. It is recognized that both bonded
and unbonded prestressing provide precompres-
sion. While the physical presence of an unbonded

Post-Tensioned Beam Design

tendon may not contribute to crack control, the con-
tribution through the precompression it provides
does. However, for code compliance and confor-
mance with practice, the contribution of unbonded
tendons is not included in the aforementioned sum.

Ductility: An underlying reason of ACI-318 require-
ment of minimum bonded reinforcement for mem-
bers reinforced with unbonded tendons is to enhance
ductility at ULS. Current ACI-318/IBC does not specify
a minimum of non-stressed bonded reinforcement for
members reinforced with bonded tendons.

Use 22 mm bars (Area = 587 mm?2; Diameter = 22 mm)
for top and bottom, where required
d=760—-40 -22/2 =709 mm

A.Based on ACI 318-11/1BC 20122°

% Unbonded Tendon

Minimum required, top

As = 0.004" A s

Apens is the area of the section between the tension
fiber and the section centroid. The minimum rebar
is required for members reinforced with unbonded
tendons. The added rebar is to reduce the in-service
crack width and enhance the ductility of the member
for ultimate strength condition. Since the minimum
rebar is intended to address the flexural perfor-
mance of the member, the cross-sectional properties
associated with the flexure are used for the determi-
nation of its area.

Top bars at supports 1, 2 and 3
A, = 0.004*125*2460 + (245 - 125)*460]

= 1457 mm?
Number of Bars = 1457/387 =  3.7¢;
Use 4 - 22 mm bars; A= 4 *387 = 1548 mm?2 OK
Top bar at support 4
A, = 0.0047[1251250 + (510 — 125)*460]

= 966 mm?
Number of Bars = 966/3567 = 2.49;
Use 3 - 22 mm bars; A, =3 *387 =1161 mm2 OK
Minimum required at bottom for spans 1 and 2:
Ag = 0.004* Arpe= 0.004*(460*512) = 942mm?2
Number of Bare = 942/387 =2.43;
Use 3-22 mm bars; A, = 3*387 = 1161 mm2 OK
Minimum required at bottom for epan 3
A, = 0.004*(460*450) = 28 mm?
Number of Bars = 828/3867 = 2.14;
Use 3-22 mm bars; A, = 5*387 = 1161 mm?

29 ACI 318-11, Section 18.9
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Since at midspan, the tension at service condition is
at the top fiber, the minimum reinforcement calculated
for the top will be used. In this case, 3-22mm will be
adequate. Hence

A, = 1161 mmZ; use 3-22 mm bars at top of midspan

¢ Bonded (grouted) tendons

There is no requirement for minimum reinforcement
based on either geometry of the design strip, nor its
hypothetical tensile stresses. The minimum require-
ment is handled through the relationship between the
cracking moment of a section and its nominal strength
in bending. This is handled in the “strength” check of the
member (section & of this example). The code check for
strength adequacy after the initiation of first crack is
handled in the strength design (ULS).

B. Based on EC2°°

EC2 specifies the same requirement for minimum
reinforcement at supports and spans, and also for
both unbonded and bonded tendons. Two checks
apply. One is based on the cross-sectional geometry

of the design strip and its material properties and
the other on computed stresses. In the former, the
minimum reinforcement applies to the combined
contributions of prestressed and non-prestressed
reinforcement. Hence, the participation of each is
based according to the strength it provides, the pre-
stressing steel is accounted for with higher values.
The reinforcement requirement for crack control is
handled separately.

% Unbonded and bonded tendons
Spans
Asmin 2 (0.26™ fym "by*d/f ) =2 0.0013 by *d
by = 460 mm
d = 760- 40-22/2 = 709 mm
foom = 0.3 *26(213) = 2,77 MFa
(i) As = 0.20™ fopm ™ d/y,
= 0.2672.77* 460*709/460 = 511 mm?2
(i) A, = 0.0015"b,*d = 0.0013 *460*709
= 424 mm?2
Therefore, A, = 511 mm?2
Contribution of reinforcement from bonded prestressing
Foint A
AP5 *(fpk/fyk) =12* 99"1860/460
= 4804 mm?2 > 511mm?2
Foints D & E;,
Aps *(fpk/fyk) = 9% 9911860/460
= 3603 mm?2 > 511mm?2
Hence, no additional bonded reinforcement is required.

30 EN 1992-1-1:2004(E) , Section 9.2.1 and 7.3.2
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Supports

Asmin 2 (0.26™ T *by*d/f) =2 0.0013* by *d
b, = mean width of the tension zone

depth of tension zone, (h-c) (Refer Fig.7.4-1)

fo (compression)

— — N

Cc v

/
-

-
s

” J/
’J// h
e

,/

fy (tension)

FIGURE 7.4-1 Distribution of Stress over Section

= 291760/ (2.91+10.75)
=162 mm (Consider point B)
by = [2460*125+ 460*(162-125)1/162 = 2003 mm
d = 760- 40-22/2 = 709 mm
(1) As = 0.26™ fopm by d/lfy
= 0.26*2.77* 2003*709/460 = 2223 mm?
(if) A = 0.0013*b,*d = 0.0013 *2003*709
= 18646 mm?2 Therefore, A, = 2223 mm?
Contribution of reinforcement from bonded Prestressing:
Aps "(Frlfy) = 12* 99"1860/460
= 4804 mm? > 2223mm?2
Hence, ho additional bonded reinforcement is required.

% Minimum reinforcement for crack control

In EC2 necessity of reinforcement for crack control is
triggered, where computed tensile stresses exceed a
code-specified threshold.

Since the hypothetical tensile stress of concrete ex-
ceeds the threshold for crack control at point A, crack-
ing reinforcement need to be provided.

At point A

Asmin = K¢ k fct,cﬁf At 105

A is the area of the concrete section in tension zone.
fy = -4.41 Mpa (compression at top)

f, = 4.33 MFa (tension at bottom)

0, = fyx = 460 MFa

fereft = Torm = 0.3 *(28)2/3) = 2.77 MPa

k = 0.675 (interpolated for h=760 mm)

(h—c) = 433760/ (4.41+4.33) = 377 mm

Post-Tensioned Buildings

At = BTT*460 =173420 mm?

ko = O4% [1-( 05 /( ki (Wh*) f41.060)]

o, = Nep /bh = 156 MPa

h* = 760 mm

ky=15

k= 04*[1-(156 /(15 (7601760%) 2.77)] = 0.25
Agin = 0.25* 0.678* 2.77* 173420 1460 = 177 mm?
Provide one 22mm bar (Agpro, = 1* 387 =287 mm?)
Aamin,crack = 3867 mm?

At point B

Agmin = kc k fct,sﬁ‘ Act /05

A is the area of the concrete section in tension zone.
fy = 2.91 Mpa (tension at top, refer to Fig. 7.4-1)

f, = -10.76 MFa (compression at bottom)

PTS115
fot (tension)

fec (compression)

FIGURE 7.4-2 Distribution of Stress over Section

0, = fy = 460 MPa
for.ef = form = 0.3 *(28)@3) = 2,77 MFa
k = 0.678 (interpolated for h=760 mm)
Distance of neutral axis from top
= 291760/ (2.91+10.78) = 162 mm
Ay = 16272460 =398520 mm?
k= 04" [1-( 0, /( ks (/h*) fyp )]
G, = NED /bh = 1.56 MFa
h* = 760 mm
ki=15
ke=04"[1-(156 /(15 (760/760%) 2.77)]= 0.25
Agmin = 0.25* 0.678* 2.77* 398520 [460= 407 mm?2
Provide 2-22mm bar (A pro, = 2% 367 =774 mm?)
Asmin,crack =774 mm2

C.Based on TR-43
% Unbonded Tendon

(i) Flexural un-tensioned reinforcement3!
31 TR-43 2nd Edition, Section 5.8.7
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TABLE 7.4-2 Summary of Minimum Rebar (mm?) (T13451)
Unbonded Bonded
Code Point Point Point | Point Point Point Point | Point
A B&C D E A B&C D E
ACI/IBC 942 1457 942 266 0 0 O 0
EC2 177 407 0 0 177 407 0 0
TR43 1203 2017 603 0] 0] 0] 0 0

TR-43 stipulates that a minimum amount of non-
prestressed bonded reinforcement be present at all
locations for the full tension force generated by the
computed tensile stresses in the concrete under ser-
vice load combination.
At point A:(Frequent load combination)
Depth of tension zone: h-x = -f;™h/(fo-fe.)
Refer to Fig. 7.4-2 where f.. is the concrete fiber stress
in compression; T, is the extreme concrete fiber stress
in tension.
fer = tensile stress (-ve) = -4.33 MFa
foc = compressive stress = 4.41 MFa
h = depth of the section = 760 mm
b = width of the section = 460 mm
x = depth of the compression zone
h-x = -(-4.33)*760/(44+4.33) = 376 mm
As =Fy /(5™ 18)
Where F; is the total tensile force over the tensile zone
of the entire section
Fi = -fo."b*(h-%)/2 = -(-4.33)*460 *376/(2*1000)

= 57446 kN
A, = 374.46™000/(5*460/8) =1303 mm?2
Provide 4- 22mm bar (Agpro, = 4™ 387 =1548 mm?)

At points B and C

Depth of tension zone: h-x= -foi*h/(f fcp)

Refer to Fig. 7.4-2 where f is the concrete fiber stress
in compression; fg; is the extreme concrete fiber stress
in tension.

fep = tensile stress (-ve) = -2.91

foc = compressive stress= 10.78 MPa

h = depth of the section = 760 mm

b = width of the section = 2460 mm

x = depth of the compression zone ,

h-x= -(-2.91)*760/(2.91+10.78) = 162 mm

As =F; /(5™ 16)

Where F. is the total tensile force over the tensile zone
of the entire section

Fy = -f.*b*(h-x)/12 = -(-2.91)*2460 *162/(2"1000) =
579.85 kN

A, = 579.85"1000/(5*460/8) =2017 mm?
Provide 6- 22mm bar (Agpr, = 6" 387 =2322 mm?)

At point D
ey = tensile stress (-ve) = -2.24 MFPa f,
= compressive stress=2.62 MFa
h =760 mm ;b =460 mm
h-x = -(-2.24)*760/(2.24+2.62) = 3526 mm
A, =Fy /(5™ 18)
Fi = -foo*b*(h-x)/2 = -(-2.24)"460 *356/(2™1000)
=173.11 kN
A, = 173.11 *1000/(5*460/8) =603 mm?2

Provide 2- 22mm bar (As,prov = 2* 387 =774 mm?)

% Other minimum reinforcement for unbonded ten-
dons.

In addition to the preceding that was based on the
value of hypothetical tensile stress, TR-43 requires
that the bonded reinforcement at each section not to
be less that that specified in EC23% The computation
of the minimum rebar based on EC2 is carried out in
the above section under EC2.

The second check for minimum bonded reinforcement is
the same as carried out for EC2 code in the preceding
section.

s Bonded Tendon

There are no minimum rebar requirements for one-
way spanning members reinforced with bonded
tendons. Any additional SLS reinforcement will be
related to the design crack width, and the potential
of the cracks exceeding the design value. This check
was performed in Section 7.3(B).

The minimum area of rebar required using the codes
covered is summarized in Table 7.4-1

32 TR-43 2nd Edition, Section 5.8.8

I T
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7.5 Deflection Check

Recognizing that (i) the accurate determination of
probable deflection is complex [see Chapter 4, Sec-
tion 4.10.6]; and (ii) once a value is determined, the
judgment on its adequacy at design time is subjec-
tive, and depends on unknown, yet important, pa-
rameters such as age of concrete at time of installa-
tion of nonstructural members that are likely to be
damaged from large displacement. For hand calcu-
lation deflection checks are generally based on sim-
plified procedures. A rigorous analysis is initiated,
only where the parameters of design and applied
loads are more reliably known. In most cases, post-
tensioned members are sized according to recom-
mended span/depth ratios proven to perform well
in deflection.*?

The simplified procedure includes:

(i) For visual and functional effects, total long-term
deflection from the day the supports are removed
not to exceed span/250 for EC2 or span/240 ACI-
318. Camber can be used to offset the impact of dis-
placement.

(ii) Immediate deflection under design live load not
to exceed span/500 for EC2 or span/480 for ACI-318.
Both ACI 318/IBC and EC2, tie the deflection ad-
equacy to displacement subsequent to the installa-
tion of members that are likely to be damaged. This
requires knowledge of construction schedule and
release of structure for service. In the following the
common design practice is followed.

For assessment of long-term displacement in the
context of foregoing, ACI-318 recommends a multi-
plier factor of 234,

The deflections are calculated using a frame analy-
sis program for each of the load cases: dead, live, and
post-tensioning. Gross cross-sectional area and linear
elastic relationships are used. Since the stress level for
which the design was carried out falls essentially in the
transition regime, the elastically calculated deflections
must be adjusted to allow for cracking at locations
where cracking stresses are exceed the threshold of
“uncracked” regime. Strictly speaking, a cracked deflec-
tion calculation has to be performed,® where stresses
exceed the “transition” regime. However, for hand cal-
culation, recognizing that the locations of probable

33 TR-43 2nd Edition, Section 5.8.4; ADAPT-TN292

34 ACI multiplier 2

35 Compter programs, such as ADAPT Floor do cracked
deflection calculation
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cracks, as in this example are few, the option of “mag-
nifying” elastic deformation by a factor that allows for
cracking is used.

The critical location is in span 1. The values for span 1
from the frame analysis are:
Span 1 Deflection

Dead Load 27.6 mm
Fost-Tensioning -19.2 mm
Dead Load + PT 8.6 mm
Live load deflection 14.5 mm

The maximum stress under total loading at midspan is
6.98 MFa. Since this is greater than 0.62 Vf,, adjust-
ment to the calculated deflection is required.

There are several options available to adjust elasti-
cally calculated deflection values, if the computed
tensile stresses exceed cracking. Among the most
commonly used are: (i) substitution of the gross mo-
ment of inertia (/;), by an equivalent moment of in-
ertia (/,), followed by the magnification of the elasti-
cally calculated deflection by the ratio of (I,/1,); and
(ii) use of a bilinear deflection calculation, in which
the amount of deflection prior to cracking is calcu-
lated using Ig and the elastic solution, the deflection

after the initiation of crack is calculated for the over-
age of load, using the cracked moment of inertia (/).

For prestressed sections the equivalent moment of
inertia is calculated using the following relationship
[PTI design manual, 1990].

le = [1= 0.20%(foa 0.5VF) O.5VF ],
f. is in MFa

Where, [, is the effective moment of inertia; I, is the
moment of inertia based on the gross cross-section-
al area. Initially, the relationship was proposed for
fnax DOt exceeding \/f’.. But, it is now used for values
above +/f"..

The calculated maximum tensile stress

frnax = ©.96 MFPa.

Reduction in moment of inertia due to cracking:

lo = [1 = 0.20™(fryax — O.5VF)/I0.5VF ],
=[1-0.20%(6.96-2.65)/2.65] "I,
=051,

Hence deflection due to dead load and FT

= 56.6/051 =16.66 mm

Live load deflection with cracking allowance

=145/0.51 = 2643 mm

Post-Tensioned Beam Design

% Long-term deflection

Multiplier factor assumed for effects of creep and
shrinkage on long-term deflection = 2°°

Load combination for long-term deflection, using a fac-
tor of 0.3 for sustained “quasi-permanent” live load :

(1.0°DL + 1.0°PT + 0.3°LL)*(1 + 2)

Long-term deflection: (1 + 2)*(16.66 + 0.3726.43) =
7617 mm

Deflection ratio = 70.17/(20000) = 1/263 < 1/250 OK
Instantaneous deflection due to design live load

Live load deflection = 26.43 mm.

Deflection ratio = 28.43/(20,000) = 1/703 OK

Deflection does not generally govern the design for
members dimensioned within the limits of the rec-
ommended values in ACI 318 and balanced with
post-tensioning tendons within the recommended
range [Aalami et al, 2003], and when subject to load-
ing common in building construction. For such cases,
deflections are almost always within the permissible
code values, when design is performed within U or T
stress values.

PTS433m
-100.50 +111.80 +34.40 -4.41

(T ¢ 1) P
! T

18.59 -38.19 20.15 -0.55

(a) Support reactions due to PT (kN; kNm)

7.4
L1 s
! 21.21
1005 _
360.50
472.30

(b) Hyperstatic moment distribution (kNm)
Hyperstatic (Secondary) Actions
FIGURE &.2-1

8.CODE CHECK FOR STRENGTH

8.1Load Combinations
(i) ACI-318/1BC

36 ACT- 318 multiplier factor
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1.27DL + 1.67LL + 1*HYP
1.4*DL + T"HYP

(i) EC2
1.36°DL + 1.5°LL + 1"Hyp
(iif) TR43

1.35"DL + 1.57LL + 0.9"Hyp

For strength combination, the hyperstatic (Hyp) ac-
tions (secondary) due to prestressing are used. The
background for this is explained in detail in Chapter
4, Section 4.11.2.

6.2 Determination of Hyperstatic Actions

The hyperstatic moments are calculated from the reac-
tions of the frame analysis under balanced loads from
prestressing (Loads shown in Fig. 6.4-2). The reactions
obtained from a standard frame analysis are shown in
Fig. £.2-1(a). The reactions shown produce hyperstatic
moments in the frame as shown in Fig. £.2-1(b).

The hyperstatic (secondary) reactions must be in
self-equilibrium, since the applied loads (balanced
loads) are in self-equilibrium.

Check the validity of the solution for static equilibrium
of the hyperstatic actions using the reactions shown
in Fig. 6.2-1a.

YVertical Forces

=16.59 - 35619 +20.15 - 0.545 =0.005 OK
IMoments about Support 1

= -100.50+ M.60+34.40 — 4.41 —(58.19720) +
(20105737} - (0.55742) = -0.06~0  OK

Support reactions due to post-tensioning are applied
to the beam in order to construct the hyperstatic
moment diagram shown 8.2-1(b). The support reac-
tions are shown in part (a) of the figure.

Reduce hyperstatic moments to face-of-support using
linear interpolation.
For right face of support (FOS) of span 1:
Mipp = 472.50 — [(472.20 = 100.50)/201°0.45/2
= 46812 kN-m

A number of engineers use the expression given be-
low to compute hyperstatic (secondary) moments
due to prestressing. This expression gives acceptable
results for articulated members, only if the balanced
loads used in the determination of post-tensioning
moments (M) satisfy equilibrium.

Myyp =My - Pe
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TABLE 8.3-1 Ultimate Desigh Moments (T135)

Point A Point B Point C Point D Point E
Mo (kN-m) 636.00 -926.00 -802.60 262.40 -68.68
My (kN-m) 330.10 -480.70 -416.60 136.20 -35.75
Mive (k-ft) 28640 468.10 356.10 193.90 -5.77
AC1 318-08/IBC 2009 : 1.2DL+1.6LL+1Hyp 3
My (k-ft) | 157776 | 41222 127404 | 72670 | -14563
EC2: 1.35DL+1.5LL+THyp
| My (k-ft) | 184015 | -1503.05 -1352.88 75244 -152.38
TR 43: 1.35DL+1.5LL+0.9Hyp
My (k-ft) | 16151 | -1549.86 138849 | 73305 |  -151.81

Where My, , is the secondary moment, P is the post-
tensioning force, and e is the eccentricity of the post-
tensioning. The expression does not afford a validity
check, such as the static equilibrium of all hyperstat-
ic actions.

6.3 Calculation of Design Moments
The design moment (M,) is the factored combination
of dead, live and hyperstatic moments.

% Using ACI/IBC

Desigh moments are:

My = 1.2°Mp + 1.6"M, + 1.0"Myyp
Mpyz = 1.4*Mp + 1.0"Muyp

The second combination governs, where dead loads
are eight times or larger than live loads. This is rare.
The moments shown in Fig. 8.2-1 are centerline mo-
ments. These are reduced to the face-of-support in
Table 8.3-1.

By inspection, the second load combination does not
govern, and will not be considered in the following.

The factored moment computed for EC2 and TR43 are
listed in the following table.

8.4 Strength Design for Bending and Ductility
The strength design for bending consists of two pro-
visions, namely

% The design capacity (@*M,,; R) shall exceed the
demand. A combination of prestressing and non-
prestressed steel provides the design capacity

%+ The ductility of the section in bending shall not
be less than the limit set in the associated building
code. The required ductility is deemed satisfied, if
failure of a section in bending is initiated in post-
elastic response of its tension reinforcement, as op-

posed to crushing of concrete. For the codes covered
in this example this is achieved through the limita-
tion imposed on the depth of the compression zone
(see Fig. C-8.4-11in Chapter 6). The depth of compres-
sion zone is generally limited to 50% or less than the
distance from the compression fiber to the farthest
reinforcement (dr). Since the concrete strain (&c) at
crushing is assumed between 0.003 and 0.0035, the
increase in steel strain (€s) will at minimum be equal
to that of concrete at the compression fiber. This
will ensure extension of steel beyond its yield point
(proof stress) and hence a ductile response.

For expeditious hand calculation, the flexural capac-
ity of a post-tensioned member in common build-
ing structures can be approximated by assuming a
conservative maximum stress for prestressing ten-
dons. For detailed application of the code-proposed
formulas refer to Chapter 12 for the calculation of a
section’s capacity both on the basis of strain com-
patibility and approximate code formulas. For daily
hand calculation in the a consulting office, unless a
software is used use the following simple procedure.

There are two justifications, why the simplified
method for ULS design of post-tensioned sections in
daily design work are recommended. These are:

(i) Unlike conventionally reinforced concrete, where
at each section along a member non-prestressed
reinforcement must be provided to resist the de-
sign moment, in prestressed members this may not
be necessary. Prestressed members possess a base
capacity along the entire length of prestressing ten-
dons (Fig. C-8.4-2b in Chapter 6). Non-prestressed
reinforcement is needed only at sections, where the
moment demand exceeds the base capacity of the
section.

(ii) In conventionally reinforced concrete, the stress
used for rebar at ULS is well-defined in major build-
ing codes. For prestressed sections, however, the

Post-Tensioned Beam Design
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TABLE 8.4-1 Summary of Reinforcement for Strength Limit State (T13691)

Unbonded Bonded
Code —PFomt Point Point | Point | Point Point Point | Point
A B&C D E A B&C D E
ACI/IBC 25086 . 20631 1ol 0] 2463 2625 926 (0]
5399(top) 3399(top) | 1za o
EC2 2915 180 (bot) 154 0] 2915 118‘0([‘701?)
5821(top) B708(t0p) | 1134 A
TR43 2703 1602(bot) 266 (0] 2636 1489(bot)

PTS435

a’]: G C

dp |de|d, dy .

Aps— 1 — s ¢ =l 19
A o —1> s
ragar \\

prestressing
(a) Section (b) Elevation

Distribution of Basic Forces on a
Rectangular Section

FIGURE C&.4-2

stress in tendon at ULS is oftentimes expressed in
terms of an involved relationship—hence the ten-
dency to use a simplified, but conservative scheme
for everyday hand calculation. For repetitive work,
computer programs are recommended.

Using strain compatibility procedure #” the required re-
inforcement for each of the three codes are calculated.
The outcome is listed in Table &.4-1.

Using strain compatibility procedure®® the required re-
inforcement for each of the three codes are calculated.
The outcome is as follows:

% Cracking moment larger than moment capac-
ity: Where cracking moment of a section is likely to
exceed its nominal capacity in flexure, reinforcement
is added to raise the moment capacity. In such cases,
the contribution of each reinforcement is based on
the strength it provides. If the minimum value is ex-
pressed in terms of cross-sectional area of reinforce-
ment, the applicable value for this requirement is:

(As + Aps™ foy/fy)-

37 ADAPT-TN178
383 ADAPT-TN178

TABLE &.4-2 Cracking Moment Values and the
Respective Data (T12891)

Basic Section A | SectionB&C | SectionD
parameters| Suep (MM?) 128e+8
and . Sper (Mm3) 6.22e+7 6.22e+7
analysis P (kN) 1426 1426 1071
P/ A (MPa) -1.56 -156 -117
fr+ (PIA) 4.87 4.67 4.48
Mcr (KNm) 302.91 623.36 275.66_
1.2 Mer (kNm) 363550 748.03 554.59
® Mn (kNm) | 1234.99 1254.99 657.63 |
Status OK OK OK

A. Based on ACl 316-11/1BC 2012

% Bonded (grouted) tendons

ACI 318 * /IBC stipulates that beams and one-way
slabs reinforced with bonded tendons develop a
nominal moment capacity at ULS not less than 1.2
times their cracking moment M,,.

The necessity and amount of rebar is defined as a func-
tion of cracking moment of a section (M,). For pre ACI-
218 Section 9.5.2.3 stressed members

M = (f. + PIA)*S

Where, fr is the modulus of rupture defined *°

f. = 0.625 Vfc = 0.625 V26 = 3.31 MPa

P/A is the average precompression, and S the section
modulus. The Table 8.4-2 summarizes the leading values
and the outcome. The computation of the cracking mo-
ment and the nominal capacity are given in the following
table.

Since at the selected sections, the design capacity of
the section with prestressing alone exceeds 1.2"M,, no
additional rebar is required from this provision.

39 ACI318-11 Section 18.8.2
40 ACI-318 Section 9.52.3
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In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a target, itis advisable to start the check
using a simplified, but conservative procedure. If the
computed value is closer to the target than the ap-
proximations in the simplified method, design check
can be followed with a more rigorous computation.

Assume the following for simplified calculation:
Strand CGS = 70 mm

hence d = h (thickness) - 70

Moment arm = 0.9d

Design force in strand = 4,,*1860 MPa ; ¢ = 0.9
At midspan, with 12 strands

@ *M, = 0.9* 12*99 *1860*0.9 *(760 - 70)/10°

=1234.99 kNm

Design moment at other locations are calculated in a
similar manner.

B. Based on EC2

% Unbonded tendons

EC2 * requires that for beams reinforced with un-
bonded tendons the total amount of prestressed and
nonprestressed shall be adequate to develop a fac-
tored load at least 1.15 times the cracking load com-
puted on the basis of the modulus of rupture of the
section. In practice, this is taken as cracking moment
of the section M,

The necessity and amount of rebar is defined as a func-
tion of cracking moment of a section (M,). For pre-
stressed members

Mcr = (f. + PIA)*S

Where, fr is the modulus of rupture*

fr = fopm = 0.3, (22) = 2.77 MFa

PIA is the average precompression, and S the section
modulus. The Table 8.4-3 summarizes the leading val-
ues and the outcome.

Since at the selected sections, the design capacity of
the section with prestressing alone exceeds 1.15*M,, no
additional rebar is required from this provision.

In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a target, itis advisable to start the check
using a simplified, but conservative procedure. If the

41 EN 1992-1-1:2004 (E), Section 9.2.1.1(4)
42 EN 1992-1-1:2004 (E), Section 7.1(3). Here tensile
stress limit for uncracked section is used.
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TABLE £.4-3 Cracking Moment Values and the
Respective Data for EC2

Baslc Section A Sectlon B&C |SectionD
parameters
and St (MmM?) 1.28¢6+8
analysie | ) 6.22e+7 622647

P (KN) T 1428 1428 1071
PIA (MPa) 156 156 437 |
fr+ (PIA) 4.33 4.33 394
Mcr (KNm) 269.33 554,24 245.07
115 Mer (kNm)| 30973 637.38 28183
® Mn (kNm) 19%.23 193.23 616.07
Status oK OK OK

computed value is close to the target, design check
can be followed with a more rigorous computation.
Assume the following:

Cover to strand CGS = 70 mm;

hence d = h (thickness) - 70

Moment arm = 0.9d

Design force in strand = A,,*1860 MPa/1.15;

At midspan, with 12 strands, 1860 MPa strength

@ *M, = 12*99 *(1860/1.15)*0.9 *(760 - 70)/10°6 =
1193.23 kNm

Design moment at other locations are calculated in a
similar manner.

Strength computations performed herein were
limited to points considered critical by inspection.
When spans and loading are not regular, the selec-
tion of critical points by inspection becomes diffi-
cult. In such cases, stress and strength checks must
be performed at a greater number of locations. Also,
note that due to the contribution of tendon to ulti-
mate strength, and change in drape of tendon along
the length of a member, the most critical location for
design is not necessarily the location of maximum
moment.

The envelope of total reinforcement is given in Table
8.4-4.

8.5 One-Way Shear Design

The shear design for the right support of span 1 will
be followed in detail, since this is the most critical
location. The procedure for the shear design of other
locations is identical.

A.Based on ACI 318-11/1BC 2012
Distribution of design shear is shown in Fig. 8.5-1. The
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TABLE &.4-4 Envelope of Reinforcement for Serviceability (5L5) and Strength Conditions (ULS) (T13751)

Unbonded Bonded
Code | —Fomt Point Point | Point | Point Point Point | Point
A B&C D E A B&C D E
ACI/1BC 25685 2651 o1 966 2463 2625 926 o)
3399(top) 3399(top) 0
EC2 2915 180(bot) 1354 0] 2915 180(bot) 1354
5821(top) 5708(top) 0
TR43 2703 1602(bot) 986 o) 2656 1489(bot) 11324
reinforcement in the section. However, ACI-318-114
555,87 PTS436m stipulates that d need not be taken less than 0.8h. For
/ | 37613 hand calculation, this option is used conservatively.
/ ‘ ﬂ dp = 690mm > 0.8h = 60&mm
/ | / V:0.17 Conservatively assumed 60&mm
i/ 544.38 Vemin = 0.166*V28 = 0.88 MPa
422,05 4511 Vemax = 0.420V28 = 2.22 MFa
Ve = 0.05"VF, + 4.8*V,*dI M,
Distribution of Shear (kN) The term (V,*d/ M,) must be less than 1 or use 1,
v, *dl M, = 510.21°608/(1412.22*1000)
FIGURE &.5-1 -022 <10K

design shear (V) is computed from the results of the
standard frame analysis performed for the loading con-
ditions D, L and PT. The following combination was used:

The design starts with the calculation of vc, the code
allowable shear stress contribution of concrete over
the shear area of the section

V,=12%p + 10"V + 1.0"Vyyp

Span 1

b, = 460 mm

d =760 —40-22/2 =709 mm

point of zero shear

= 422.05*20/(422.05 + 555.67)= .65 m

Design at distance = column width/2 + d

For left support: 350/2 + 709 = 684 mm

For right support: 450/2. + 709 = 954 mm

For left support:

Y, = -422.05*(6.65-0.664)/6.63 = -578.82 kN

For right support:

VY, = BBb.&87*(20-6.65-0.934)/(20-6.63)
= 510.21 kN

Hence, the right support governs.

b, = 400 mm

d=0.86"=0.6"760 = 60& mm

Distance “d” can be calculated from the position of

v, = 0.05"V28 + 4.86*0.22
=122 MFa > v, in = 0.686 MFa
< Ve max = 2.22 MFa
Hence v, = 1.22 MFPa governs the design

For this example the ultimate moment was taken at
the face-of-support for brevity, while the shear check
is done at a distance h/2 away from the support. This
assumption is conservative and does not have a sig-
nificant impact on the outcome of the calculation. In
the general case, the value of V,*d/ M, varies along
the length of the member. But, it is assumed constant
for this expeditious hand calculation.
v, = (510.21M000)/(460*608) = 1.62 MFa

> Dy, =0.75".32 = 0.99 MFa
Hence shear reinforcement is required by calculation.
Assume 12 mm stirrups with two legs:
A, = 2*129 = 258 mm?
The spacing, s, between the stirrups is given by:
5 = O*A M /[by, (v, — P*v,)]

= 0.75*256*460/[460*(1.62 — 0.99)]

=233 mm
also <= 0.75*h = 0.75*760 = 570 mm
and s <= 600mm*

43 ACI318-11, Section 11.3.1
44 ACI318-11, Section 11.3.2
45 ACI318-11 Section 11.4.5.1

1
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Select & = 230mm for the entire region where stirrups
by calculation governs.

Using similar triangles, the three regions for the calcu-
lation of shear reinforcement are worked out and shown
graphically in Fig. 8.5-2.

For the first region v, > = ®*V, = 460*608*0.99/1000
= 276.565 kN

Use stirrups at 230mm spacing.

For the second region v, > = 0.5*®*V, =
0.5*460"608"0.99/1000 = 138.44 kN

Use the minimum value specified by code.

For the third region V, < 0.5*®*V, = 138.44 kN

No web shear reinforcement required by code. Conserva-
tively, use the same stirrups at 570 mm spacing (s <=
0.7% h = 570 mm).

For the region governed by the minimum rebar, the spac-
ing shall be the smallest of the following:

In the following the three applicable code relation-
ships * are rearranged to express them in terms of
“s” spacing. The format of the relationships in the
code is in terms of “A,;, " In this case, since we have
already selected a two-legged 12mm bar, we work
out the spacing that is appropriate for our selection.

Hence, Apjn = A, = 2¥129 = 258 mm?.

(i) s=A,f/(0.35b,)
= 256"460/(0.23*460) = 762 mm
(il) & =80 "AS(f/fpu) d"(bu/d)O° 1Aps
= 807258 *( 460/18660)*60&*(460/6086)°5/11886
= 2272 mm
(i) & =16"A*,/(b,*F.02)
= 16*258"460/(460*2860.5 ) = 7860 mm
At the same time, spacing “s” shall not be more than
©00 mm, nor 0.75*h=570 mm.
Use 12 mm two-legged stirrups at 570 mm on spacing
for this region.

B. Based on EC2

VED =1.55*VD + 1.5*V|_ + 1-O*VHYF

Span 1

b, = 460 mm

d =760 —-40-22/2 =709 mm

Foint of zero shear = 441.55*20/(441.55 + 583.62)
=561m

Design at distance = column width/2 + d

For left support: 350/2 + 709 = 884 mm

For right support: 450/2 + 709 =934 mm

For the left support:

Vep = -441.55%(8.61-0.864)/8.61= -396.22 kN
For the right support:

46 ACI 318-11,Sections 11.5.5.3 and 11.5.54
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PTS437m
v =510.21

@Ve =276.88

0.508Vc = 138.44 —¢

column

P
iy
13mm |@230 mmoc
@5700c | @570 oc 0.97m
83
-422.05 = A
L 863m 11.37m ;20

Shear Force and Reinforcement for
Right Side of Span 1 (kN; mm UNOQ)

FIGURE &.5-2
583,60 PTS593m
| sz
e 256,17
4155 478,04
Distribution of Shear (kN)
FIGURE &.5-3

Vep = 583.62%(20-8.61-0.934)/(20-8.61)
=535.76 kN

Hence, the right support governs.

Veac ¥ = [ Crac K*(100*p1* £, V34 k 1* Ocp b *d
but not less than (v, + k 1* Ocp) by *d

Where,

fck =28 MFa

k =1+ (200/d)2 = 1+(200/709)"2 =153 < 2.0

pl = Asl/ (b, d) = 9% 367/(460* 709) = 0.01068

Ocp = Nep/Ac = 1428*103/217100 = 1.56 MFPa
<0.2"9 =3.6 MFPa

Crac = 0184y, = 0186150 = 0.12

kiy=0.15
Vmin = 0.035" k3/2* £, V2 = 0,035 1.535/2* 2812
= 0.25 MFa

Vao = [ 0127 153*(100%0.01068* 28*)1/3+
0.15* 1.56 1*460 *709/1000 = 262.18 kN

47 EN 1992-1-1:2004 (E ) Section 6.2.2
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Ved.emin = (0.35 + 0.15* 1.56) 460 *703/1000
=190.47 kN

Viae = 26218 kN

Vep > Vrae » Shear reinforcement is required by calculation.

Assume 12 mm stirrups with two legs

Agy = 2M29 mm?2 = 258 mm?

The spacing *®, &, between the stirrups is given by:

6 = (Agw Vras)™ Zfywa cOLO

Where,

Assume 0 = 400, cot 6 = 1.20

Veds = VD - Vrac = D3D.76— 262186 = 275.56 kN

z=0.9d=0.9"709 = 635 mm

5 = [258 /(272.586™000)]* 6356*(460/1.15)"1.20
=289 mm

Vidmax *° = 0g"by* 2* vi*fcd /(cotB +tanB)

Where,

v %0 = 0.6[1-(f/250)] = 0.53  since fy > 0.5fy

£, = 19MPa

Ogy ' = (1+ 0gplfey) for og, = 1.56MFPa < 0.25f,,; =

0.25"9 =4.75 MFa

Oy = (14 1566/19) = 1.08 ay,, equation is as per o, val-
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Veamac? = 1.08 *460* 638* 0.53*19 /(1.20 +0.64)
=1564.59 kN > 273.58 kN OK

Select 5 = 260 mm

6 P <= 0.75 d (1+cota)= 0.75* 709 = 532 mm for the

entire region where stirrups by calculation governs.

If Vep < Vg, » Use the minimum rebar specified by code **.

For the region governed by the minimum rebar, the spac-

ing shall be the following:

In the following the applicable code relationship is
re-arranged to express it in terms of “s” spacing. The

format of the relationships in the code is in terms of
“Amin " In this case, since we have already selected
a two-legged 12mm bar stirrups, we work out the
spacing that is appropriate for our selection. Hence,
Amin = A, = 2¥129 = 258 mm?.

& = Agy Fi/ (0.08™VF, *bw)
= 258* 460 /(0.08™28 *460) = 609 mm

At the same titme, spacing “s” shall not be more than

ues, 532 mm.
= e
@ 20.0m Q) 17.0m @.> 5.0m '\:D
'1:{ 2500 (1200
| ' 11-12mm @ strands ' | 17

i_ 2.22mm cont

g.22mm ~ S12MMG 4 oomm
x6200 | Stands x 3700

L280

690~ | | 34m
AJI P e
[} 13mm@570mm o.c.—
stagger (op tie
* straight profite

- 1-22mm x 56700

13mm@570mm o.c. /

weeySld

13mm@570mm o.c.

note: for layout of tendon and
rebar see the atiached details

Beam Elevation
FIGURE 101

48 EN 1992-1-1:2004 (E ) Exp: 6.8

49 EN 1992-1-1:2004 (E ) Exp: 6.9

50 EN 1992-1-1:2004 (E ) Exp: 6.6N
51 EN 1992-1-1:2004 (E ) Exp: 6.11aN

52 EN 1992-1-1:2004 (E ) Exp: 6.9
53 EN 1992-1-1:2004 (E ) Exp: 9.6(N)
54 EN 1992-1-1:2004 (E ) Exp: 9.4 &9.5(N)
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TABLE 9-1 Stresses at Transfer of Post-Tensioning (T13951)

Point A Point B | PointC Point D Point E
Mp (kN-m) 636.00 -926.00 -802.860 202.40 -66.68
Mrr(kN-m) -4354.60 B92.70 49530 -118.30 54.75
P (kN) 1428 1428 1428 1071 1071
115"P/A -1.79 -1.79 -1.79 -1.54 -1.54
(MPa)
fe (MF’a) -2.856 042 0.03 -2.05 -1.27
fy (MF&) 040 572 -5,54 0.69 -1.45
ACI-08/1BC 2012
F, (MPS) -12.00 112 112 -12.00 -12.00
F, iMF’a) 112 -12.00 -12.00 112 -12.00
OK OK OK OK OK
EC2
F. (MF&) -12.00 2.21 | 2.21 -12.00 -12.00
F, iMI’a) 2.21 -12.00 -12.00 2.21 -12.00
OK OK OK OK OK
TR-43
F. (MPa) | -10.00 ' 152 159 -10.00 -10.00
F, iMFﬂ) 1.59 I -10.00 -10.00 159 -10.00
OK L 0K oK Ok

Note: Section properties |, A, Stop, Seot are the same as used for service condition stress check
Fy and F, are allowable stresses at top and bottom respectively.

PTS500

stirrups | | or,

| M

(a) Arrangement of unbonded tendons

I || || 7—#3rebar

(b) Tendons support chairs

Placement of Tendons in Beam
FIGURE 10-2
Use 12 mm two-legged stirrups at 530 mm on spacing

for this region.

C.Based on TR-43 5°
TR-43 refers to EC2 for one-way shear design. But TR-
43 includes the safety factor, Yp: in the calculation of

35 TR-43 Second Edition, Section 5.9.1 and 5.9.2.

Ocp. Where v, equals 0.9 if the prestress effect is favor-
able and 1.1 when it is unfavorable.

Precompresssion (o.,) enhances the shear capacity.
Hence, in using the EC2 as outlined in the preceding,
reduce the value of precompression by factor 0.9

9. CODE CHECK FOR INITIAL CONDITION

At stressing (i) concrete generally has not reached its
design strength; (ii) prestressing force is at its high-
est value; and (iii) live load generally envisaged to be
counteracted by prestressing is absent. As a result,
the stresses experienced by a member can fall outside
the envelope of the limits envisaged for the in-ser-
vice condition. Hence, post-tensioned members are
checked for both tension and compression stresses at
transfer of prestressing. Where computed compres-
sion stresses exceed the allowable values, stressing is
delayed until either concrete gains adequate strength
or the member is loaded. Where computed tension
stresses are excessive, ACI/IBC*¢ suggest adding non-
prestressed reinforcement to control cracking.

9.1Load Combinations

The codes covered are not specific on the applicable
load combination at transfer of prestressing. The fol-
lowing is the combination generally assumed among
practicing engineers.

56 ACI 318-11; Section 18.4
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Load Case: 1.0*DL + 1.15"PT

Specification of this design example calls for tendons
to be stressed with concrete cylinder strength is not
less than 20 MFa.

f=20 MFa

9.2 Stress Check
o = =(Mp + 115*Mp1)/S + 1.15*P/A
S =1/Y,

9.3 Allowable Stresses

A. Based on ACI 316-11; IBC 2012
Tension = 0.25*V20 = 112 MPa
Compression = 0.60™20 = -12 Mpa

B. Based on EC2
Tension = fae = 2.21 MFa
Compression = 0.60*20 = -12 Mpa

C.Based on TR-43
Tension = 0.72f 1 = 1.59 MFa
Compression = 0.50%20 = -10 Mpa

Farthest fiber stresses are calculated in a similar man-
ner to service condition as outlined earlier. The outcome
is summarized in Table 9-1,

If in any of the above locations the stresses exceeded
the allowable values the following would have been
done.

If compression stresses exceed the allowable value,
the design parameters must be modified to bring
the stresses within the code limits. If tensile stresses
exceed the allowable value, bonded additional rein-
forcement (nonprestressed, or prestressed) shall be
provided in the tensile zone to resist the total ten-
sion force in concrete computed with the assump-
tion of an uncracked section.
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10. DETAILING

The final tendon and reinforcement layout for the de-
sighed beam frame are shown in Fig. 10-1 through 10-5
for unbonded tendons.
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FIGURE 7.S1.1 Beam and Slab Construction; Beam Released from Column;
Tendons crossed and stressed on stem sides
(California; Courtesy DES and ADAPT; P731)

FIGURE 7.S1.2 Beam and Slab Construction;
Monolithic Beam-Column Connection;
A number of tendons are crossed over within the beam stem and
raised to anchor at slab edge (California; Courtesy DES and ADAPT; P732)

CHAPTER 8

COMPUTER APPLICATION TO DESIGN OF
CONVENTIONALLY REINFORCED, OR POST-TENSIONED BUILDINGS

Post-Tensioned Building in San Francisco
(Foundry Sq; courtesy Nishkian Menninger; P520)

8.1 OVERVIEW

The development and accelerated adoption of Build-
ing Information Technology BIM targets a seamless
flow of information from the inception of a project
to the completion of its construction. A critical link
along the flow of information and inter-operability
among the professionals is the structural engineers’
work—a link that so far has not lent itself to be a
trouble free part of the seamless chain. Meeting the
challenge, new work has re-defined the way concrete
buildings can be designed, however. Novel concepts
for modeling, analysis and design of concrete build-
ings, within the realm of BIM environment, have now
paved the way for a smooth flow of information from
the architectural three dimensional building models,
or drawings, to structural analysis, structural design,
and the generation of construction documents.

Post-Tensioned Buildings

This Chapter explains the challenges in the integra-
tion of structural engineer’s work in the otherwise
integrated flow of BIM, and outlines the procedures
developed to overcome the failings. The Chapter
concludes with an example.

8.2 BIM; BUILDING MODELING AND STRUCTUR-
AL DESIGN PROCESS

The practice in BIM-based construction has been
for the structural engineer to receive a three di-
mensional model that includes the physical features
of the building. The structural engineer concludes
with the definition of the material properties criti-
cal to the in-service performance and safety of the
structure, such as concrete strength, amount, posi-
tion, and configuration of reinforcement, and details
of post-tensioning tendons, if applicable. The work

www.PT-structures.com
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of the structural engineer supplements the informa-
tion of the building model. Structural and fabrication
drawings are then expected to be extracted from the
general package. Figure 8.2-1 illustrates the view of
a building model. Figure 8.2-2 shows a structural
analysis outcome extracted from one of the floors of
general model. Details of the process, highlighting
the difficulties and the solutions are explained next.

FIGURE 8.2-1 View of a Building Generated
in 3D for BIM (P105)

FIGURE 8.2-2 Floor System Extracted from 3D
Model for Detailed Analysis (P106)

Post-Tensioned Buildings

8.2.1 Physical and Analytical Models; Migration
to Analytical Space

The traditional process of structural engineering de-
sign consists of the following steps: (i) start from a set
of architectural drawings; (ii) idealize the geometry
given in the architectural drawings to one that lends
itself to structural analysis; (iii) envisage a load path
that embraces the designated force-resisting mem-
bers of the building—including member dimensions
and connectivity that are intended for structural anal-
ysis, but may differ from the architectural drawings;
(iv) perform structural analysis, using the geometry
defined for analysis; (v) map the outcome of structur-
al analysis to architectural drawings for detailing and
construction. Figure 8.2.1-1 illustrates the process.

Figure 8.2.1-1a illustrates the “physical” model of a
simple frame. It reflects the shape and dimensional
features of the real structure. This information is
reflected in the architect’s drawings and the three-
dimensional BIM model of the frame, if available. It
is referred to as the “physical” model of the struc-
ture. The “physical” model contains the details of the
actual construction—as we see it. In the traditional
approach, using the physical model, the design engi-
neer creates an “analytical” alternative, such as the
one illustrated in parts (b) and (c) of the figure for
structural analysis. The analytical model is gener-
ally based on the centroidal axes of the members’
that the design engineer designates to resist forces.
Note that in the analytical model (part c) the physi-
cal length of the column (H) is converted to the ana-
lytical length (h). The structural analysis generates
design actions (moments, shears) for the analytical
lengths. But the design engineer must deliver rein-
forcement drawings, and details, that are based on
the physical model shown in part (d). Obviously,
the information generated from the analysis, having
been based on dimensions that differ from the archi-
tectural drawings, is not compatible with the general
BIM models. The analysis results have to be mapped
onto the dimensions of the physical model.

Ideally a design engineer would prefer to have the
analysis and design based on the “physical” model,
the backbone of the BIM part (f), and forego the pro-
cess of switching between the two models. Develop-
ments in the analytical formulation of structural en-
gineering have now made it possible to do without
the “analytical” model, and perform an analysis and
design based on the “physical” alternative, thereby
enabling a seamless integration of structural engi-
neer’s work to BIM. The process is explained next:

'S
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{e) Unification of analysis results

physical and analytical

FIGURE 8.2.1-1 Physical and Analytical Models
(P601)

A.Node-Based Analytical Models: Figures 8.2.1A-1
(a) and (d) illustrate two common scenarios in build-
ing construction. Using finite element method (FEM),
the slab/beam and column are represented by FEM
elements. Each element enters the assemblage of the
structural system matrix by way its “nodes,” at which
the handshake for force transfer from one element
to the next takes place. As illustrated in parts (b)
and (e) of the figure, the node of a column coincides
with that of the slab for transfer of force from one to
the other. The figures show overlap of the adjoining
members. In part (b) the column length is extended
into the slab and in part (e) the column and slab are
modeled as in their physical prototype.

The node-based modeling scheme forms the basis of
practically all FEM analysis tools currently available.
The modeling scheme starts by defining a number of

(a) Construction Detail (P107)

finite -
element

F p: B & T

I column
alai: l

(a) Physical (b) Node-based  (c) Member-based
structure analysis model model
finite
element
-slab /

/

o o 3
wal NDIE;E

FIGURE 8.2.1A-1 Physical; Node and
Member-Based Models (P600)

“nodes” that are typically along the centroidal axes
of the physical members. Finite elements are created
joining adjacent nodes. This requires intersection of
the centroidal axes of the members that meet and
share force.

In practice, and in particular in concrete construc-
tion, rarely a physical structure is conceived on the
premise of the intersection of the centroidal axes of
its members. Consider the typical concrete construc-
tion details shown in Fig. 8.2.1A-2. Evidently, the cen-
troidal axes of the column and the multiple members
identified in the figure do not converge, as required
by the “nodal” based modeling. Using node-based
modeling, the analysis requires special handling of
the joint to capture and design the transfer of force
from one member to an adjoining one, thus creating
an analysis model.

(b) Construction Detail (P108)

FIGURE 8.2.1A-2 Construction Details with Non-Intersecting Centroidal Axes of Members at the Joint

1::
|
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B. Member-Based Analytical Model—Virtual Anal-
ysis Space: In this process, the physical model is
used in it’s as-is geometry to analyze and detail the
structure. This eliminates the generation of an “ana-
lytical” model that generally differs from the physi-
cal dimensions of the construction. The process
becomes an integral part of BIM, enabling a seam-
less flow of information between the structural and
other trades of the project.

Consider Fig. 8.2.1A-1 parts (c) and (f). In each case,
the column terminates at its interface with the slab. In
part (f) the slab extends to the outer face of the col-
umn. In both cases, at the junction between the two
members “slab” and “column’”, the slab is given “prior-
ity” to continue through the joint, and the column is
terminated at its interface with the slab. This is based
on the assumption that the design would favor the
slab reinforcement to continue as shown, but the col-
umn ties terminate at the interface with the slab, and
re-start above the slab, if column is continuous.

analysis_
space Vs virtual node
o __ ¥
f
natural
__nodes

(a) Physical
structure model

{b) Member-based

FIGURE 8.2.1B-1 Virtual Nodes and Analysis Space
(P602)

The process is achieved by departing from the tra-
ditional requirement of force transfer between one
element and the next at the centroidal axes of the
adjoining members—rather, the force transfer will
be based on the intersection of member bounds.
In this process, the finite element relationships for
each structural member are formulated in an ana-
lytical space, instead of the traditional centroidal
axis/plane of the members. The force transfer of
members that intersect takes place at a virtual node
that represents their common solid parts. Figure
8.2.1-1b symbolically shows the analytical space by
a broken line. The structural response of each ele-
ment is expressed in the analytical space, as opposed
to the centroidal location of the physical members.
The analysis takes place in the “analytical” space. It
is then followed by transfer of deformations and ac-

PTS187

Analysis node ~\ Analysis space
! ! |
0!{\ ——a
Handshake .

1 I i -
links I | | :h\ / l PT tendons

L i/

Centroidal axis

O Member natural node at centroid
®  Pre stressing node
A Non-prestressed reinforcement node

Presentation of Physical Member Objects
and Mapping to Analysis Space

FIGURE 8.2.1B-2

tions back to the physical entities for section design,
detailing and preparation of structural documents.

A side benefit of the physical-based formulation is
that it enables the inclusion of rebar, as well as pre-
tensioned and post-tensioned reinforcement in the
analysis, as exemplified in Fig. 8.2.1B-2". At the anal-
ysis node, each segment of rebar or post-tensioning
steel contributes to the structure based on its physi-
cal properties and at its physical location in the
structural member.

P PTS188

ey
- /-' reglonA N

f"‘“‘-x!

stép at bottom

View of Slab Outline with Openings and Steps
FIGURE 8.2.1B-3

I Process implemented in ADAPT-ABI and ADAPT-Build-
er www.adaptsoft.com

Automatically Generated Design
Strips and Sections

Design Model
Exported from Revit

Revit Structure Model

l 3D Tendon Models

' Fully Editable BIM-Based
Reinforcement

Structural Drawings Created in
Revit or Exported as DWG

FIGURE 8.3-1 Example of Information Flow from a 3D Model to Structural
Analysis and Return of Construction Information to 3D Model (P109)

The transformation of the structure to an analy-
sis space enables the structural design of complex
floor systems, such as the partial view shown in Fig.
8.2.1B-3 to be followed with the same ease as slabs
of uniform thickness. Beams, steps, openings, and
complex physical details can all be modeled as they
appear in the prototype.

8.3 INTEGRATION OF STRUCTURAL ANALYSIS IN
BIM

Introduction of analysis space provides the miss-
ing link for the seamless flow of information in the
BIM process from the architectural conception to the
construction documents. A brief practical example of
the process is given next.

The floor level shown in Fig. 8.3-1 with color con-
tour is extracted from a three dimensional model of
the structure?. Using the true geometry of the struc-
ture the model is analyzed. Post-tensioning and base
reinforcement, such as mesh is added, where appli-
cable. Going through the structural design process,
added reinforcement is determined, and fabrication

2 Model generated using Revit Structure; structural analysis
and generation of construction documents performed using
ADAPT-Builder

drawings generated. The entire reinforcement is
then passed on to the 3D model for further process-
ing and to be shared among the various trades.

8.4 APPROXIMATION IN ANALYSIS

For many engineers, a finite element method (FEM)
based structural analysis software acts as a “black
box,” that delivers the design values they need, once
the program is fed with the information it requires.
Often, repeated unquestioned use of software creates
the perception of its validity, or accuracy of its out-
come, thus reinforcing reliance on its use. FEM-based
programs do not all share the same formulation, nor
do they deliver the same accuracy. There are differ-
ences in the simplifying assumptions made in mod-
eling of a floor system, differences in internal formu-
lation of software and the manner each extracts and
reports the information required for design. This sec-
tion highlights several of the underlying differences
among the commercially available software.

A. Approximation in Modeling the Physical Struc-
ture and Connectivity: Apart from the node-based
or member-based modeling techniques that are dis-
cussed in the preceding, most software go through
additional simplifications for analysis. The simplifi-
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Node and Member Modeling
Presentations of Steps

FIGURE 8.4A-1

(a) Flanged beam under bending

Zero axial—, /-
M

M “— Zero axial

(b) Flanged beam with no interaction
between stem and flange

FIGURE 8.4A-2 Beam Modeling Options (P603)

Post-Tensioned Buildings

cations generally take place in the background—not
always apparent when viewing the model. The sim-
plifications are mostly necessitated due to the appli-
cation of “node-based” formulations.

The most common simplification is modeling of chang-
es in thickness, or change in elevation of a floor slab.
Such a change, as illustrated in Fig. 8.4A-1 is mostly
modeled as shown in part (b) of the figure, where the
centroidal axes of the two parts are lined up to satisfy
the prerequisite of intersection of centroids for force
transfer from one slab region to the next. This approx-
imation is not followed, when using member-based
modeling coupled with “analysis space” As illustrated
in part (c) of the figure, each slab region is positioned,
where it occurs in the physical space.

Using node-based modeling, the stem of a flanged
beam must be raised to align its centroid with that of
the adjoining slab. Alternatively the beam stem must
be considered disjointed from the flange as shown
in Fig. 8.4A-2b. With member-based modeling, beam
and slab construction enter the analysis as they oc-
cur in the physical state of the structure, and thus
enabling correct interaction among the structural
constituents of a floor.

In the node-based modeling, the value obtained from
the analysis for the isolated beam is reported as “beam”
value. In the member-based modeling, since the beam
and slab act together to resist the applied forces, the
beam stem generally includes axial force that is the
outcome of the stem’s interaction with the slab.

B. Approximations in Tendon and Rebar Model-
ing: Almost all commercial software used for design
of floor systems, model pre-. or post-tensioning ten-
dons through forces that each exerts to the struc-
ture as shown in Fig. 8.4B-1a. A prerequisite to this
modeling is that the force in tendon must be known
and specified prior to “analysis” Once a tendon is
considered removed from the structure, its stiffness
can no longer participate in the deformation of the
structure, nor can the flexing of the structure be ac-
counted for in changes of tendon stress.

Improved analysis procedure considers tendons as
members resisting the applied forces, along with
the concrete that contains them (Part b). The same
scheme applies to the reinforcement that may be
pre-defined by designers before an analysis. Model-
ing reinforcement in addition to pre-stressing steel
is critical for a reliable estimate of a floor's cracking,

Computer Application to Design of RC or PT Buildings

INFLECTION
TE/’}'DON POINT
—| 4
E i —
X1 X3
W2 w3

100 O O i s i

H‘W1 |'|W4

(a) Traditional representation of a tendon
through equivalent forces (P604)
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TENDON
SEGMENT _—

(b) Representation of tendons as discrete segments of pre-
tensioned steel within each finite element (P605)

FIGURE 8.4B-1 Options in Representation of Prestressing Tendons

crack width estimate and cracked slab deflection,
since the post-cracking response depends on the
presence, location and amount of reinforcement.

C. FEM meshing: Meshing is the subdivision of a
structure into finite elements for analysis. Most soft-
ware use triangular, rectangular, or quadrilateral ele-
ments. A quadrilateral element generally provides a
more accurate solution than the triangular option. A
central requirement in the node-based subdivision
of a member into finite elements is that the nodes
of adjoining elements coincide with one another, in
order to establish equilibrium of the externally ap-
plied forces with those generated in the structure.
The equilibrium of forces is established at the.nodes.
Figure 8.4C-1 shows partial plan of two meshing op-
tions. Note that in part (a), at several instances the
node of one cell falls on the edge of an adjoining cell,

(a) Meshing with cells not joining at common nodes (P111a)

rather than coinciding with a node of the neighbor-
ing cell. Such conditions lead to an implicit gap be-
tween the affected cells. To close the gap, external
forces, in addition to those defined by the designer
are required to be added at the location. The forces
introduced to close the gaps evidently impact the
analysis results, and consequently the design va?lues.
It is not always apparent, whether the impact will re-
sult in a “conservative” or “un-conservative” design.

D. Creation of Design Strips: Following the proce-
dure outlined in Chapter 3, at design stage a floor
is subdivided into design strips. The design strips
represent the designer’s-designated load pa.ths. A
prerequisite of this process is that each loca}tlon on
a floor system be assigned to a design StI‘l.p (load
path), and be designed for the forces determined for

that location.

(b) Mesh with cells joining at common nodes (P111b)

FIGURE 8.4B-1 Options in Representation of Prestressing Tendons




FIGURE 8.5.1-3 Analytical Model of the Floor System
(P115)

E. Extraction of Design Values: There are several
options to determine the “design values,” such as de-
sigh moment and shear, from the outcome of a FEM
analysis. The extracted values can be based on the
(i) integration of the stress values within the finite
element cells, referred to as “stress integration”;
(ii}) summation of forces at the nodes, referred to as
“nodal integration”; or (iii) “extended nodal integra-
tion,” that is based on the nodal values and enables
computation of design values of arbitrary length, lo-
cation and orientation. From the same FEM analysis
results, the design values extracted using the meth-
ods enumerated can be widely different. Description
of the methods and their comparison is referred to
in Chapter 4 and detailed in reference [ADAPT-TN
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FIGURE 8.5.1-2 Reinforcement
Layout of a Typical Floor (P114)
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FIGURE 8.5.1-4 Arrangement of Tendons in the
Floor System (Slab thickness is exaggerated for
increased clarity) (P116)

302, 2009]. The extended nodal integration results
in values that are in equilibrium with the externally
applied loads.

8.5 COMPUTER-BASED DESIGN EXAMPLE

This section presents the design of a simple post-
tensioned floor system, using FEM-based software?.
The objective is to illustrate the steps in modeling
and design.

8.5.1 Structure

The building shown in Fig. 8.5.1-1 is located in San
Francisco Bay Area—one of the highest seismic
risk areas. The floor system of the building was de-

3 ADAPT-Builder Floor Pro, www.adaptsoft.com
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FIGURE 8.5.1-5 Discretization of the Floor System
for Analysis Using an Adaptive Mesh Generator

(P117)
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(a) Support lines in X-X direction (P119)
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FIGURE 8.5.1-6 Deflected Shape of the
Floor System (P118)
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(b) Support lines in Y-Y direction (P120)

FIGURE 8.5.1-7 Support Lines in Two Orthogonal Directions

(a) Design strips along X-X direction (121)

(b) Design strips along Y-Y direction (122)

FIGURE 8.5.1-8 Design Strips in Two Orthogonal Directions
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(b) Design sections along Y-Y (P124)

FIGURE 8.5.1-9 Design Sections along the Two Major Axes

FIGURE 8.5.1-10 View of Design Moments for De-
sign Strip along Y-Y (P125)

signed using a flat slab construction reinforced with
unbonded post-tensioning. Shear walls provide the
lateral force resisting system of the building. Figure

8.5.1-2 shows the reinforcement layout of one of the
typical levels,

The three dimensional computer model of the struc-
ture (Fig. 8.5.1-3) includes all the features of the
floor system, such as steps at the balcony, openings
and columns offset from the slab edge. The tendon
layout is added to the model (Fig. 8.5.1-4).

Prior to analysis and design, along with tendon lay-
out, engineers can specify base reinforcement in the
structure. Next, the structure is meshed (Fig. 8.5.1-
5) and analyzed. Figure 8.5.1-6 illustrates the de-
flected shape of the structure for one of the service
load conditions. Next support lines are generated in
two orthogonal directions (Fig. 8.5.1-7). This is fol-

Project: Peoples / Support Line 6 / Load Case: Service Combination
1.00 x Deadload + 1.00 x Selfweight + 1.00 x Live load + 1,00 x Prestressing
Tensile Stress Positive

S | -] S — Allowable Strasses
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FIGURE 8.5.1-11 Distribution of Stresses at Top of
Slab for a Selected Design Strip (P126)

lowed by the generation of the associated design
strips (Fig. 8.5.1-8).

Next, design sections are generated for each design
span. The sections typically start at the face of the
wall or column supports and are adequate in num-
ber to capture the distribution of design values for
each span (Fig. 8.5.1-9).

The design values such as moments (shown in Fig,
8.5.1-10) are computed for each of the design strips
and are used to determine the distribution of hypo- |
thetical stress (Fig. 8.5.1-11), and the associated re-
inforcement. The figure shows the computed stress

against the background of allowable values, afford-

ing a rapid identification of locations where stresses

exceed the allowable values. Sections that do not

meet the code requirements are highlighted (Fig.
8.5.1-9) for ease of identification.

ildi 8-11
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The integrated actions along each of the des.ign §tr1ps
are used for code compliance and determme_ltlop of
reinforcement. Figure 8.5.1-10 shows 'the distribu-
tion of design moments for design strlps.along Y-Y
direction. The extreme fiber stresses associated with
each of the design strips is used f_or stress check.
Figure 8.5.1-11 shows the distribution of top stresls
(hypothetical values) against the background of al-
lowable values.

FIGURE 8.6-3 Unbonded Slab (UK; P722)

The reinforcement for each location is dfetermined
and detailed on plan, ready for generation of the
structural document.

8.6 REFERENCES

ADAPT- TN302, (2009), “Evaluation of Actions at De-
sign Sections Using Finite Elements,” www. adaptsoft.

com, pp. 9.

FIGURE 8.6-2 Tendons Cross Over and are Stressed
at the Sides of the Beam, Where Tendons Can Not
Extend Through The Column (California; P730)

(US; P723)




8-12
Post-Tensioned Buildings

FIGURE 8.6-6 Punching Shear Reinforcement
(La Paz, Bolivia; P725)
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FIGURE 8.6-8 Delivery of Cut Strand to Job Site

for Grouted Construction
(Beijing; P727)

FIGURE 8.6-7 Unfavorable Termination of Tendons

All at the Same Location.
Stagger dead ends and provide bars to spread tendon
force to front of anchors. (P726)

FIGURE 8.6-9 Grouted Residential Foundation
(US; P728)

FIGURE 8.6-10 Unbonded Residential Foundation
(US; P729)

CHAPTER 9

POST-TENSIONING IN MULTISTORY BUILDINGS
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Post-Tensioned Multi-Story Building; Escala, Seattle
(Engineered by Cary Kopczynski; photo by Michael Walmsley; P695)

9.1 STRUCTURAL IMPACT OF POST-TENSIONING
IN MULTI-STORY BUILDINGS

The primary design considerations regarding the
effects of post-tensioning in multi-story buildings,
such as the one shown in Fig. 9.1-1 are: (i) changes in
the axial forces and moments of the supporting col-
umns and walls; and (ii) changes in the precompres-
sion of the floors due to constraint of supports to
free shortening of the floors. There are other effects,

Post-Tensioned Buildings

such as creep and differential shortening of the sup-
ports that are common between a post-tensioned or
conventionally reinforced building.

9.2 EFFECTS OF POST-TENSIONING ON COLUMN
AND WALL SUPPORTS

The common practice in design of multistory build-
ings is to post-tension the floors only. Columns and

wall supports are generally constructed using con-

www.PT-structures.com
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ventionally reinforced concrete. To illustrate the
impact of post-tensioning on a floor’s supports, con-
sider a typical floor having equal spans and a regu-
lar support layout as shown in Fig. 9.2-1. The floor
geometry and support layout of most buildings are
more complex, and the multi-level accumulated im-
pact of post-tensioning on the supports will be less
predictable. The example selected illustrates the
concept, however. Detailed analysis maybe warrant-
ed for complex construction geometries.

Apart from forces in a floor, post-tensioning results
in reactions in the column and wall supports. The re-
actions are due to the restraint of a floor’s supports
to free shortening and flexure of the floor, when the
floor is post-tensioned. For purposes of illustration,
it is convenient to consider the post-tensioning as
a series of applied loads, referred to as “balanced”
loads. The balanced loads from post-tensioning con-
sist of forces normal to the plane of a floor, axial forc-
es in plane of the floor, and moments at changes in
the position of a floor’s centroidal axis (see Chapter
4 for details). The reactions generated at the sup-
ports from the post-tensioning forces are referred to
as “hyperstatic” forces. The hyperstatic actions from
post-tensioning directly impact the strength design
of the walls and columns. Hufnagel and Kang have
investigated the secondary effects of post-tensioning
on column reactions and reported their work in ref-
erence [Hufnagel et al, 2012].

Figure 9.2-1a illustrates a typical level of a high-rise
building, supported on columns. The columns are on
a9 m (29.5") orthogonal grid. Part (b) of the figure
shows the post-tensioning layout. At stressing of ten-
dons the upper columns/walls are not in place. Or, if
they are, they do not provide a design-significant re-
straint, since their upper ends would be free. Hence,
the reactions from prestressing will develop only at
the bottom supports.

To illustrate the phenomenon, let us assume that the
post-tensioning applied balances 100% of the self-
weight of the floor system. In most designs a smaller
percentage of the selfweight load is balanced. We
will next determine to what extent the selfweight re-
actions on the columns will be affected by the post-
tensioning. Next, we will express the changes in self-
weight reactions from prestressing.

Figure 9.2-1c illustrates the deformation tendency of
the floor system from the post-tensioning, if the floor
were free to deform. Presence of supports results in

Post-Tensioned Buildings

75 , 90 , 90 , 90 75 _m PTS165
61 295 7 205 1 295 'I' 246 7 it
| _

LI T I ]
LI I T Il
(

a) Elevation of typical level

| | | |

(b) Tendon in slab

' _ TTHT“‘“T

(c) Deformation and reaction
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Impact of Post-Tensioning
on Typical Level of a High Rise Building

FIGURE9.2 1

compressive forces at the far end supports and ten-
sion at the interior supports. The sum of the axial re-
actions on the supports from prestressing (part c) is
zero, however. In effect, the prestressing results in a
re-distribution of axial forces in a floor’s supports.

The percentage change in selfweight reactions re-
sulting from the application of post-tensioning is
shown in part (d) of the figure. The maximum impact
on the reactions (R) is at the outermost columns. Ob-
serve that the reaction from the selfweight load on
the outermost column will be increased by 19% of
its value. However, the reaction on the penultimate
support will be decreased by 6%. The remaining
reactions do not change to a design- significant ex-
tent. The maximum change in design reaction is at
the supports of the end spans. The values shown are
derived from the single level shown in part (a) of the
figure for a uniformly loaded concrete frame having
equal spans. However, they apply to any level within
a high-rise, assuming that the levels are similar, Both
the selfweight and post-tensioning reactions are ac-
cumulative over the stacked levels.

Comment
In the above example, it was assumed that
the supports extend only one level below the

Post-Tensioning in Multistory Buildings

floor. In the upper levels of multistory build-
ings, the longer length of a column from the
level under consideration to the foundation
results in distribution of reactions different
from the one shown above. Column supports
of upper levels are more flexible on account of
their longer length from the foundation. The
increase in flexibility of columns supporting
higher levels due to increase in column length
from the foundation results in different distri-
bution of moments and reactions among dif-
ferent floors having the same floor geometry
and gravity loads.

The change in selfweight moments at the supports
due to prestressing is shown above the line in part
(d) of the figure. Post-tensioning reduces the mo-
ments from selfweight at each support by the per-
centages indicated. The maximum reduction in
moment is 21% for the end supports. The moment
reduction for the interior columns is not of design-
significance. As a matter of fact, column moments
for uniform loads and spans become negligible at
interior supports. The critical impact remains at the
end and penultimate supports, and where spans and
loads are non-uniform.

The following conclusions can be drawn for a gener-
ally regular structure. For irregular layout and loads,
and where the supports are restrained at their far
ends, specific analysis needs to be carried out.

+ For uniformly loaded and regular concrete
frames, the impact of post-tensioning results in
an increase in the axial force at the end supports;
reduction of the axial forces at the penultimate
supports, and design-insignificant impact on the
axial forces of the remainder supports.

% Post-tensioning reduces the design moments for
“strength condition” at the top of member sup-
ports.

% Post-tensioning in a floor results in redistribu-
tion of axial force on walls and columns. How-
ever the sum of the axial forces for any give floor
remains unchanged.

9.3 PRECOMPRESSION FROM POST-TENSIONING
AND RESTRAINT OF SUPPORTS

Precompression results in shortening of a floor,
somewhat analogous to the effects of a temperature
drop. It is beneficial to briefly review the structural
impact of temperature change in multi-story build-
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ings, before highlighting the differences between the
two effects.

Guo et al, [Guo, et al, 2013] carried out a numerical
example of a multistory building to determine the ef-
fect of story-by-story post-tensioning on multistory
buildings.

9.3.1 Temperature Effects

Consider a homogeneous object such as shown
in Fig. 9.3.1-1a. A uniform change in temperature
through the entire object is accompanied by an over-
all expansion, or contraction of all parts of the object.
If the object is free, it will deform unimpeded (part
b). No internal forces will be generated in the ob-
ject. However, if the free expansion or contraction of
the object is restrained (part c), the restraint to free
deformation generates internal forces in the object.
The internal forces generated due to the restraints
are larger at the point of restraint and drop in value
with distance from the restraint.

PTS166

(a) Free floating object

(b) Free floating object and
rise in temperature

Vecced

(c) Restrained object with
rise in temperature

Free Floating and Restrained Objects and
Temperature Rise

FIGURE 9.3.1-1
Figure 9.3.1-2a illustrates the elevation of a multi-

story frame, with fixed connections to the founda-
tion. Since the connections of the frame to the foun-
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FIGURE 9.3.1-2 Distribution of Axial Force in Slab
and Shear in Vertical Members from Post-Tension-
ing and Change in Temperature

dation are fixed, restraining forces will be generated
at these connections. Drop in temperature results
in tension in the first elevated floor, a much smaller
compression in the second floor, with rapidly de-
creasing impact at upper levels (Fig. 9.3.1-2b). In
typical structures, the impact of uniform tempera-
ture change on the third level and beyond is not of
design-significance.

9.3.2 Precompression from Prestressing

The primary difference between the interstory dis-
tribution of precompression in a typical floor, and
temperature stresses arises from the fact that in mul-
tistory buildings, floors are constructed and stressed
sequentially. Temperature stresses discussed above
were applied to a completed building frame, where-
as prestressing is applied contemporaneous with
progress in construction.

Post-Tensioned Buildings
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FIGURE 9.3.2-1 Precompression from Post-Tension-
ing at Upper Levels of Multistory Building

Consider Fig. 9.3.1-2b. At time of application of pre-
stressing to the first elevated floor, the second floor is
generally not present. The restraint of the supports
and foundation absorb a fraction of the precompres-
sion intended for the floor being stressed. When the
second floor is post-tensioned, the restraint of its
supports is somewhat less than experienced by the
floor below it. Again, a fraction of the precompres-
sion of the new floor is diverted to the structure be-
low it. This results in partial recovery of loss of pre-
stressing in the first floor.

With progress in construction, at a typical upper
level, the difference in the shortening of a floor be-
ing stressed and the floor immediately below it is
the shortening that has taken place in the level be-
low during the construction cycle of a floor. For typi-
cal buildings, the construction cycle is about 7 days.
There will be an initial loss of precompression to the
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FIGURE 9.3.2-2 Diversion of Post-Tensioning From First Elevated Floor
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level below, but the loss will be recovered when the
level above is constructed and stressed. The pattern
will continue, until the uppermost level is stressed.
The precompression lost to the penultimate floor
from the uppermost is not recovered, since there is
no floor above it.

With lapse of time, over a period of two years or
more, shortening due to creep, shrinkage, relaxation
in prestressing and the effect of aging in concrete be-
tween a typical upper level and one above or below
it becomes indistinguishable. This equilibrating final
shortening of upper levels leads to a gradual read-
justment of precompression among the upper levels,
resulting in no additional transfer of precompres-
sion from one upper level to the other. Each typical
level will then be acted upon by precompression
from its own post-tensioning. This is valid except for
the lowest levels, where the loss of precompression
to the foundation will change with lapse of time, but
will not be eliminated, as is the case for upper levels.

[t is important to note that the presence of interior
walls, or elevator core walls do not invalidate the
conclusions arrived at in the preceding. Figure 9.3.2-
1 shows a typical design strip of an upper level floor
with elevation of two adjacent levels. Note that, sub-

9-5

sequent to the long-term effects of creep and shrink-
age, the precompression from each level diffuses
into half the height of each wall immediately above
and below the floor, but is fully recovered passed the
end of a wall. Walls do not act in transferring pre-
compression forces from one level to the next. This
is based on the assumption that the geometry and
prestressing of the adjacent levels are essentially the
same.

The conclusion of no restraining effects from the
walls does not apply to the first elevated floor over
foundation, where the foundation does not move
over time. The precompression lost to the founda-
tion level is not likely to be recovered in full (Fig.
9.3.2-2).
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FIGURE 9.4-2 Stressing Pans at Top of Slab
(Italy; P731)

FIGURE 9.4-1 Construction Joint with Intermediate
Stressing (italy; P730)
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FIGURE 9.4-4 Unbonded Floor System
(Iceland; P733)

FIGURE 9.4-3 Unbonded Floor System
(South Korea; Dailem P732)

FIGURE 9.4-5 Stressing at Edge of Large Opening

Made in an Unbonded Floor System
(San Francisco; P734)

FIGURE 9.4-6 View of Tendons Re-anchored at the
Edges of a Large Opening Made in an Unbonded
Floor System (San Francisco; P735)
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CHAPTER 10

STRESS LOSSES IN PRESTRESSING

Tendon Stressing at Slab Edge (P607)

10.1 OVERVIEW

The distribution of stress along a prestressed strand
within concrete is non-uniform and decreases with
time. The principal factors affecting the distribution
of stress along a prestressing strand are:

% friction losses during stressing (jacking);

% retraction of strand as it is seated and locked
against the anchorage device (seating loss);

% elastic shortening of concrete, elastic response

of the prestressed member under applied loads;

shrinkage of concrete;

creep of concrete; and

» relaxation of prestressing steel.

*
0‘0

‘.0

0.0
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Other factors, such as changes in temperature and
flexing of a prestressed member under transient live
loads also affect the stresses in a strand, but they do
not necessarily lead to a permanent change in stress
level and are not considered as stress losses.

The total prestress loss for unbonded, low-relaxation
tendons is typically 20 percent of the jacking stress.
In earlier designs a lump sum stress loss of 30 ksi
(200 MPa) (14%) was assumed for several years for
pre-tensioned members, since there is no friction
loss in pretensioning. The development of low-
relaxation strands and results of subsequent studies
prompted a call for better estimates. A rigorous
evaluation of stress losses is both time consuming

www.PT-structures.com




10-2

and complex, however. Precise calculations for each
tendon are not usually warranted in most residential
and commercial buildings; studies have indicated
that reliable solutions can be obtained with a number
of simplifying assumptions. The following reviews
the background to the sources of stress loss and
offers a simple procedure for the estimate of stress
losses for different conditions. The presentation of
the procedure is followed by numerical examples.
The procedure is based on the recommendations of
ACI as referenced below.

ACI 318" refers to a study initiated by ACI/ASCE
Committee 423, directed by Paul Zia and reported in
Concrete International [Zia et al, 1979]. Research on
friction losses and the background to the proposed
procedures for their calculation are reported in
numerous publications including several listed in
the References at the end of this section.

It is assumed that the contributory factors such as
friction, creep, and shrinkage are independent from
one another. Hence, the loss due to each factor may
be computed separately. The total stress loss in
a tendon is the sum of the individually calculated
losses.

10.2 DISTRIBUTION OF STRESS

The initial distribution of stress along a tendon is
illustrated in Figs 10.2-1 forabeam with a continuous
tendon stressed at both ends. It is assumed that
the left end is stressed first. Part (b) shows the
distribution of stress along the strand under jacking
force and prior to locking off the strand. The jacking
stress is commonly specified at 0.80fpu, wherefpu is
the specified ultimate strength of strand. The smooth
curve is a simplification of the actual distribution for
illustration purposes however. The actual shape of
the curve is determined by the tendon profile and
friction parameters.

Part (¢ ) of the figure shows the distribution after
the strand is locked off at the left end of the beam.
Observe that the initial stress is partially lost over
a length of strand at the left end marked XL. This is
due to the retraction of the strand at the stressing
end while the wedges are being seated within the
truncated cone of the anchorage device. Per ACI 318,
the maximum permissible stress value immediately
after lock-off and away from anchorage device is

Post-Tensioned Buildings

0,74/‘;)“. The maximum stress occurs at XL. The
maximum permissible stress at the anchorage

immediately after seating of the strand is 0.70 f

Pt

The seating loss, also referred to as anchorage set
or draw-in, is typically 3/8 to 1/4 of an inch (6 to
9 mm). For short strands, and/or larger values of
seating loss, the length XL may extend to the far end
of the strand. Stressing rams with power seating
capability will minimize the seating loss. Note that
the retraction of the strand is resisted by the same
friction forces that resisted the initial stressing. The
stress diagram along length XL thus has the same
gradient as the remainder of the curve, but in the
opposite direction.

In most cases, jacking of the tendon at right end,
part (d) of the figure, raises the stresses to about the
mid-point of the tendon and the stress diagram will
have a second peak at XR (part (e) of the figure). The
distribution of stress immediately after the strand is
seated at the right end is shown in part (e). Note that
the lock-off stresses at the left and right ends are not
generally the same unless the tendon is symmetrical
about its mid-length.

The average initial stress is the average of this stress
distribution. This value is used by some designers to
calculate the stresses in unbonded post-tensioned
structures at the transfer of post-tensioning.
Transfer of post-tensioning refers to the loading
condition immediately after stressing, prior to the
application of live loading and the influences of
long-term stress losses. It is also referred to as the
“lock-off stress”,

As long-term stress losses occur, the stress in strand
is reduced along its length. Part (f) of the figure
shows a schematic of the stress distribution after
all losses have taken place. The following should be
noted with respect to the final distribution of stress:

R/

% Long-term stress losses along a tendon are not
constant. Even under uniform geometry and
exposure conditions, differences in concrete
stress along a strand result in non-uniform
losses. In the design of commercial buildings,
however, it is common practice to calculate
a representative long-term loss value for the

ACI 318-11, Section R 18.6.1
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FIGURE 10.2-1 Friction and Long-Term Stress Losses
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entire member when unbonded tendons are
used. The average precompression in concrete
is used to calculate the representative stress
loss. The average precompression is calculated
using the effective prestressing force and gross
cross-section of concrete. In bonded (grouted)
tendon construction, long-term losses are
strictly a function of concrete strain at location
of tendon along the length of member.

% Long-term stress losses are obviously a function
of time. The relationships developed by the
ACI/ASCE [Zia, P, et al, 1979] committee refer
to a time at which over 90 percent of the losses
have taken place. For common commercial
buildings this period is between 2 and 2.5
years. The stress loss rates for shrinkage, creep
and relaxation are not the same however. The
curve shown in Fig. 10.2-2 may be used as a
first approximation to estimate the combined
stress losses for concrete at earlier ages. This
diagram is compiled from the combined effects
of shrinkage and creep using data from the
reference [PCI, 1999].

The stress diagrams shown in Fig. 10.2-1 represent
the maximum possible stress gradient attainable
from the friction coefficients. The diagram is
constructed with the maximum gradientatall points.
With unbonded strands, flexing of the member due

o
<Z( 100%,
9 _—
g e0 - =1
%
ﬁE 80 //
2E y
Tn 4
Lo 40 /1
P
29 % P
E 411
& 0
¢ tday 3 7 10 30 50 100 200 1yr 3yrs 2yrs
TIME SCALE
LONG-TERM SHORTENING OF CONCRETE
MEMBERS DUE TO CREEP AND

SHRINKAGE WITH TIME (PCI Design Manual)

FIGURE 10.2-2 Long-Term Shortening of Concrete
Members due to Creep and Shrinkage with Time? (P569)

2 PCI Design Manual
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to applied loading, temperature changes, shrinkage
and creep can only reduce the stress gradient. Thus
there could actually be a flattening of the diagram
toward a more uniform stress distribution along
the length of the tendon. This supports the premise
for the use of “effective” force in design of post-
tensioned members reinforced with unbonded
tendons. There do not appear to be any conclusive
studies that would quantify the extent of the stress
redistribution however.

If a final “effective force” design approach is used,
the outcome of the design is an effective force to be
provided by post-tensioning. The effective force is
the value that is shown on the structural drawings
and in the calculations. The question of whether the
effective force is based on average stresses, local
stresses, or other considerations is not applicable
during design.

Atthe shop (fabrication) drawing preparation phase,
the “effective forces” must be replaced by the number
of strands. In theory, the actual stresses in the strand
at each location should be used to arrive at the
number of strands required at that location. Because
of the lack of information, and the complexity of this
approach, however, in the North America practice
an effective stress is typically used when designing
commercial buildings with unbonded tendons. The
effective stress is the average initial stress (Fig. 10-
2-1(e)) minus a representative long-term stress
loss value calculated for the entire member. Some
engineers refer to the effective stress as the design
stress.

When the design is done using a bonded system, the
structural calculations are preceded by a friction
and long-term loss computation using parameters
particular to the post-tensioning supplier, such as
friction values. The structural calculations can thus
determine the number and location of the strands.
In this case, the calculation of the design stress is of
prime importance to the structural designer.

10.3FRICTIONAND SEATINGLOSSCALCULATIONS

10.3.1 Stress Loss Due to Friction
The stress at any point along a strand is related to the
jacking stress through the following relationship:

P =pe et (Exp 10.3-1)

Post-Tensioned Buildings

Where,

P = stress at distance x from the jacking
point;

P, = stress at jacking point;

s = coefficient of angular friction;

a = total angle change of the strand in
radians from the stressing point to
distance x;

X = distance from the stressing point; and

K = wobble coefficient of friction expressed
in radians per unit length of strand (rad/
unit length?).

Figure 10.3.1-1 illustrates the design intended
change in angle « and the unintended change in
angle  dependent on construction practice. The
unintended change in angle is the basis of the wobble
coefficient (K).

& PTS557

[ design profile

construction
profile
———
—_— B

a0 =intended angle change
B = unintended angle change

FIGURE 10.3.1-1 Angle Change in Tendon Profile

el WD e et

FIGURE 10.3.1-2 View of Tendon Layout
Showing Wobble in Tendon (Tehran; P102)

The dimension of the wobble coefficient K includes the
coefficient of friction. K is p (average of unintended
change in angle per unit length of tendon)

Stress Losses in Prestressing

Table 10.3.1-1, extracted from the ACI 318, gives
friction coefficients for common strand and duct
materials.  The post-tensioning supplier should
be consulted for friction coefficients of duct and
coating materials not shown.

TABLE 10.3.1-1 Friction Coefficients for
Post-Tensioned Tendons (T169)

I Wobble Curvature
Coefficient K coefficient
rad/ft; (rad/m) | p /radian
c Wire 0.0010-0.0015 | e ooe
@ 2 tendons | (0.0033-0.0049) | 7
S £ High
£ 3 ) 0.0001-0.0006 030
S = strength (0.0003-0.0020) 0.08-0.
= bars
=1 .
g g 7-wire 0.0005-0.0020 | e e
5 strand | (0.0016-0.0066)
Wire 0.0010-0.0020
0.05-0.15
2 | £ 8| tendons | (0.0033-0.0066)
SIS 3| 7-wi 0.0010-0.0020
£ = S wire : 0.05-0.15
217 %l strand | (0.0033-0.0066)
=
g Wire 0.0003-0.0020
2 0.05-0.15
S| .3 tendons | (0.0010-0.0066)
2| B 7owire | 0.0003-00020 | oo 0qs
® strand | (0.0010-0.0066) |

10. 3.2 Elongation

Figure 10.3.2-1(a) shows a typical post-tensioning
tendon profile. When the jacking force, Py is applied
at the stressing end, the tendon will elongate in
accordance with the following formula:

A= | B i (Exp 10.3.2-1)
AE

Where,

A = cross-sectional area of the tendon;

dx = the element of length along tendon;

E¢  =modulus of elasticity of the prestressing
steel (typically taken as either 28000 or
28500 ksi)

(193054 MPa or 196502 MPa) ;

P, = tendon force at distance x from the
jacking end; and
A = calculated elongation.

This elongation will be resisted by friction between
the strand and its sheathing or duct, however. As a
result of this friction, there will be a drop in the force
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in the tendon with distance from the jacking end.
The friction is comprised of two effects: curvature
friction which is a function of the tendon’s profile,
and wobble friction which is the result of minor
horizontal or vertical angular deviations from
the design-intended profile. Curvature friction is
greatest where there are short spans with fairly
large changes in profile.

10.3.3 Seating Losses due to Seating of Strand
After they are stressed, tendons are typically
anchored with two-piece conical wedges . The
strand retracts when it is released and pulls the
wedges into the anchorage device; this forces the
wedges together and locks the strand in place.
The stress loss due to seating is somewhat hard
to calculate because the loss in elongation is fairly
small (it depends on both the jack and jacking
procedure.) In addition, the loss in elongation
(referred to as anchor set, or draw-in) is resisted
by friction much as the elongation itself is resisted
by friction.

Calculation of the stress loss is typically done
as an iterative process. Refer to Fig. 10.3.3-2a.
After anchor set, the region of stress distribution
affected by the loss in stress is the mirror image
of the associated stress curve under jacking force.
The extent of the influence of anchor set is shown
as “c.” For the calculation of distance “c” an anchor
set influence length “a” is chosen (Fig. 10. 3.3-2‘b).

An elongation 4, for the selected distance “a” is
calculated using the formula:

A,= - (P.—P,)dx

AE,

Where,

A = tendon cross sectional area;

dx = element of distance along tendon length;

E; = modulus of elasticity of tendon;

P, = forcein tendon under jacking stress at
the assumed anchor set distance “a”;

P, = forcein tendon at distance “x” from the
stressing end; and

A = elongation associated with the assumed

anchor set influence length “a”.

4+ AC1318-08, Table R18.6.2
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FIGURE 10.3.3-2 Anchor-Set Distance Diagram

The anchor set length is adjusted until the calculated
A, is reasonably close to the seating loss. The
iterative approach is oftentimes adopted, since in
the general case the friction loss curve does not
follow a straight line. The integral is carried out for
each stressing end.

The average stress is calculated as the area under the
stress diagram divided by the length of the tendon.
Note that the slope of the “post-seating” stress line
is the inverse of the initial stress loss line. The
elongation for the first stressing is the average stress
in the tendon after the first stressing, divided by the
modulus of elasticity of the strand. The elongation
for the second stressing is the average stress in the
tendon divided by the modulus of elasticity, minus
the first elongation.

10.4 LONG-TERM STRESS LOSS ESTIMATE

For common structures and conditions, simplified
expressions are used to estimate the stress losses
due to prestressing. The expressions are based
on the work of ACI-ASCE Committee 423 [1979],
PCI [1999]. The expressions enable the designer
to estimate the various types of prestress loss,

Post-Tensioned Buildings

rather than using a lump sum value. It is believed
that these equations, intended for practical design
applications, provide fairly realistic values of normal
design conditions. For unusual design situations
and special structures, more detailed analysis may
we warranted [Aalami, B. 0., 1998].

TL=ES+CR+SH+ RE (Exp 10.4-1)

Where,

CR = stress loss due to creep:

ES = stress change due to elastic deformation;

RE = stress loss due to relaxation in
prestressing steel;

SH = stress loss due to shrinkage of concrete;
and

TL = total loss of stress.

10.4.1 Elastic Deformation of Concrete (ES)
This is often referred to as “Elastic Shortening.”
Elastic shortening refers to the shortening of the
concrete member as the post-tensioning force is
applied. If there is only one tendon in a member,
there will be no loss due to elastic shortening since
the elastic shortening will have occurred before
the tendon is locked into place. Generally, however
there will be several tendons in a member. As each
tendon is tensioned, there will be a loss of prestress
in the previously tensioned tendons due to the
elastic shortening of the member.

Since an unbonded tendon can slide within its
sheathing, it typically does not experience the
same stress-induced strain changes as the concrete
surrounding it.  For this reason, the average
compressive stress in the concrete, /., s typically
used to calculate prestress losses due to elastic
shortening and creep for unbonded tendons. This
relates these prestress losses to the average member
strain rather than the strain at the point of maximum
moment. For grouted tendons, the loss from
shortening of a member before grouting is the same
as for unbonded tendons. However, subsequent to
grouting, there will be an additional local change in
stress due to bond of tendon to adjoining concrete.
Since selfweight can be considered a permanent
load, the change of stress due to elastic response of
concrete under selfweight becomes part of “ES.”

The equation given for calculating elastic
shortening for unbonded tendons is:

Stress Losses in Prestressing

E )
ES =K., [ E“_ jft-,m (Exp 10.4.1-1)
Where,
E, = is the elastic modulus of the prestressing
A steel;
E = is the elastic modulus of the concrete at

time of prestress transfer;

= 1.0 for pre-tensioned members;

K = 0.5 for post-tensioned members when
tendons are tensioned in sequential order
to the same tension. With other post-
tensioning procedures, K may vary from
0 to 0.5; and °

f = average compressive stress in the concrete
I along the length of the member at the
centroid of the section.

At the time they are stressed, the ducts in which
post-tensioned bonded tendons are housed have
not been grouted. Thus, the elastic shortening
equations for unbonded tendons would apply to
these tendons as well. Subsequent to grouting,
there will be additional elastic change in tendon
length due to flexing of member.

For pre-tensioned bonded members the following
relationship applied.

ES =K, ( £, j‘/;.“, (Exp 10.4.1-2)
'\ E,
Where,
K, = 1.0 for pre-tensioned members;
Sfoi = net compressive stress in concrete

at center of gravity of tendons
immediately after prestress has
been applied to concrete;

j;'fl = K( ir-.f;'pi - .fg

K, = 0.9 for pre-tensioned members;

K, = 1.0 for post-tensioned members;

f = stress in concrete at center of gravity

of tendons due to prestressing forces
immediately after prestress has been
applied;
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2
PR A (Exp 10.4.1-3)
. ('I)I A 1
& g
Where,
P. = initial prestressing force (after anchorage
i
seating loss);
A = area of gross concrete section at the cross
g .
section considered;
e = eccentricity of center of gravity of tendons

with respect to center of gravity of concrete
at the cross section considered;
| = moment of inertia of gross concrete section
at the cross section considered; and

f = stress in concrete at center of gravity of
9 -
’ tendons due to weight of structure at time
prestress is applied (positive if tension).
M e
f, =—= (Exp 10.4.1-4)
e,
Where,

M = bending moment due to dead weight of
! prestressed member and any other permanent
loads in place at time the prestressed member
is lifted off its bed. There can be an increase
in tendon force at the section considered, if
pre-tensioning is not adequate to give the
member an upward camber (tension due to
selfweight (fq) greater than compression due

to prestressing (fq".)).

Hence

— K P: + Pie2 _ M‘D’e
.f;'i/ - cir AU IU !

o
& & S

(Exp 10.4.1-5)

10.4.2 Creep of Concrete (CR)

Over time, the compressive stress induced by post-
tensioning causes a shortening of the concrete
member. This phenomenon, the increase in strain
due to a sustained stress, is referred to as creep. Loss
of prestress due to creep is proportional to the net
permanent compressive stress in the concrete. The
initial compressive stress induced in the concrete
at transfer is subsequently reduced by the tensile
stress resulting from self-weight and superimposed
dead load moments.
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For members with unbonded tendons, the equation
is:

E .
cn-r. (£,

(Exp 10.4.2-1)

[&

For members with bonded and pre-tensioned
tendons, the equation is:

E .
CR=K, ( B ](/c,»,. — Jeus) (Exp 10.4.2-2)
Where,
E = elastic modulus of the concrete at 28 days;

/., = stressinthe concrete at the center of tension
of the tendons due to all sustained loads
that are applied to the member after it has
been stressed; and

K, = maximum creep coefficient; 2.0 for normal
weight concrete; 1.6 for sand-lightweight
concrete.

The difference in the equations is due to the fact
that unbonded tendons do not experience the same
strains as the surrounding concrete. The prestress
loss due to creep is thus more logically related to
the average stress in the concrete section. With
bonded tendons however, once the duct is grouted
the shortening of the concrete member due to
creep will result in a comparable shortening (loss
of elongation) in the tendon. The same applies to
pre-tensioned members.

10.4.3 Shrinkage of Concrete (SH)

In the calculation of prestress losses, shrinkage
is considered to be entirely a function of water
loss. Shrinkage strain is thus influenced by the
member’s volume/surface ratio and the ambient
relative humidity. The effective shrinkage strain,
¢ , is obtained by multiplying the basic ultimate
shrinkage strain, (€55)yltimates taken as 550 x 106
for normal conditions, by the factors (1-0.06 V/S)
to allow for member dimension, and (1.5 - 0.015RH)
for ambient humidity. Where detailed information
is available, the basic ultimate shrinkage value 550
micro strain, can be adjusted to match the properties
of concrete used.

g, =550x107° (1 —0.06%}(1.5 —0.015RH )

Post-Tensioned Buildings

FIGURE 10.4.3-1 Annual Average Ambient
Relative Humidity, Percent® (P610)

TABLE 10.4.3-1 Shrinkage Coefficient K, (T170)

Days
*

1 3 5 7 10 20 30 60 .

Ksn 092 | 085 | 0.80 | 0.77 | 0.73 | 0.64 | 0.58 | 0.45

*Days refer to the time from the end of moist curing to the
application of prestressing.
For stressing more than 60 days after curing, assume 0.45

£, =82x10"° (1—0.06@(100—1{[1)

The equation for losses due to shrinkage is:

SH =82x10"°K E, (1 —0.0é%j(lOO—RH)

(US Units)  (Exp 10.4.3-1 US)

SH =82x10°K ,E, (1—0.00236%)(100—RH)

(S1 Units) (Exp 10.4.3-1 SI)

5 PCI handbook
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Where,
V/S = volume to surface ratio;

RH = relative humidity (percent), see Fig. 10.4.3-
1 for USA; and

K, = a factor that accounts for the amount of
shrinkage that will have taken place before
the prestressing is applied.

For post-tensioned members, K, is taken from
Table 10.4.3-1.

For pre-tensioned members, K,= 1;

In structures that are not moist cured, K, is
typically based on the time when the concrete was
cast. It should be noted that in most structures, the
prestressing is applied within five days of casting

the concrete, whether or not it is moist-cured.

If the ultimate shrinkage value of the concrete is
different from 550 micro-strain used in the above
relationships, the calculated stress loss must be
adjusted by the following coefficient.

SH =SH {——( P } (Exp 10.4.3-2)

adjusted — 550
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Where (é‘s,, )”I“_”W is the ultimate shrinkage strain
of the concrete used.

10.4.4 Relaxation of Prestressing Steel (RE)
Relaxation is defined as a gradual decrease of stress
in a material under constant strain. In the case of
steel, it is the result of a permanent alteration of the
grain structure. The rate of relaxation at any point
in time depends on the stress level in the tendon at
that time. Because of other prestress losses, there
is a continual reduction of the tendon stress which
causes a corresponding reduction in the relaxation
rate.

The equation given for prestress loss due to
relaxation of the tendons is:

RE=[K, —J(SH+CR+ES)|C (Exp10.44-1)

Where, K and ] are a function of the type of steel
and C is a function of both the type of steel and the
initial stress level in the tendon (fpi /fp“).

Table 10.4.4-1 gives values of K_and J for different
types of steel. The factorJaccounts for the reduction
in tendon stress due to other losses. As can be
seen, the relaxation of low-relaxation strands is
approximately one-quarter that of stress- relieved
strands.

TABLE 10.4.4-1 Stress Relaxation Constants K_and J (T171)

Kre
Grade and type* Us S| MKS ]
(psi) | (MPa) | (kg/cm?)
270 strand or wire | 20000 | 137.90 | 1406.14 | 0.15
250 strand or wire | 18500 | 127.55 | 1300.68 | 0.14
Stress 240 wire 17600 | 121.35 | 1237.40 | 0.13
relieved | 235 wire 17600 | 121.35 | 1237.40 | 0.13
160 bar 6000 | 41.37 421.84 0.05
145 bar 6000 | 41.37 421.84 0.05
270 strand 5000 | 34.47 351.54 | 0.040
Low 250 wire 4630 | 3192 325.52 | 0.037
relaxation | 240 wire 4400 30.34 309.35 | 0.035
235 wire 4400 | 30.34 309.35 | 0.035

*In accordance with ASTM A416-74, ASTM A421-76, ASTM A722-75
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Table 10.4.4-2 gives values for C. The values for
stress-relieved and low-relaxation tendons are
different because the yield stress for low relaxation
tendons is higher than that of the same grade stress-
relieved tendons. Although ACI allows a stress of
0.74fPLI along the length of the tendon immediately
after prestress transfer, the stress at post-tensioning
anchorages and couplers is limited to 0. 70f In the
absence of more exact calculations, the ratlo (f /
/. is typically taken as 0.70 for unbonded post-
tensioning. With very short tendons however, the
loss due to anchor set may be such that (f /fpu) is
considerably lower.

TABLE 10.4.4-2 Stress Relaxation Constant C (T172)

Stress relieved
F/f Stress Relie\./ed bar or .

pre7r 1 strand or wire | Low Relaxation

strand or wire
0.80 1.28
0.79 1.22
0.78 1.16
0.77 1.11
0.76 1.05
| 0.75 1.45 1.00
0.74 1.36 0.95
0.73 1.27 0.90
0.72 1.18 0.85
0.71 1.09 0.80
0.70 1.00 0.75
0.69 0.94 0.70
0.68 0.89 0.66
0.67 0.83 0.61
0.66 0.78 0.57
0.65 0.73 0.53
0.64 0.68 0.49
0.63 0.63 0.45
0.62 0.58 0.41
0.61 0.53 0.37
0.60 0.49 0.33
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For (f./f

p“) outside the values given in this table, the
following is assumed:

Stress-relieved strand and wire:

For 0.00 < (fp‘,/fpl) < 0.60, C = linear between 0 and
0.49
For 0.75 < (f,,,-/f,uj <0.95 C=145

Stress-relieved bar and low-relaxation strand and
wire:

For 0.00 < (fpi//jm) < 0.60, C = linear between 0 and
0.33
For 0.80 < (f,,,-/fp“] <0.95 C=136

10.5 EXAMPLES

10.5.1 Friction and Long-Term Stress Losses of an
Unbonded Post-Tensioned Slab

Structure:  Slab of a parking structure resting
on parallel beams. The slab is post-tensioned
with unbonded tendons providing an average
precompression of 250 psi (1.72 MPa) after all losses.

% Geometry

Six span one way slab spanning 18-0” (5.49 m)
between 14 in. x 34 in. (356x864 mm) cast in place
concrete beams (Fig 10.5.1-1).

Thickness of slab =5 in (127 mm)

PTS560
.18 L 18 .18 L
’[ (549m) 7 (5.49m) ] (5.49m) " i
TLT_ LI _}' 14" typ. — U I
5" (127mm) (3somm) ).
(a) Span layout
15 kit ~ 360°(1.10m) 4 (25 5mm)

— added / 7.5k/ft

( ’,"_4/ tendo:_,/’/ (109.46 kN/m)
Cx / D

(21891 kNim)

25 Nz N -1 (55mm)
(63.5mm)  (44.45mm) 4 (101.6mm)
(b) Tendon profile

FIGURE 10.5.1-1 Slab Dimensions and Prestressing
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TABLE 10.5.1-1 Summary of Angle Change and Friction Losses (T173)
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. ox,ft X, ft oo o po+Kx | e-rarKx Py ksi Loss, ksi

Location | v | () | (rad) | (rad) (MPa) | (MPa)

A 0 0 0 0 0 1 216 0
(1489.28)

B 6.59 6.59 0.019 | 0.019 | 0.011 | 0.989 213.62 2.38
(2.01) | (2.01) (1472.87) | (16.41)

C 11.41 18.00 | 0.033 | 0.052 | 0.029 | 0971 209.74 3.88
(3.48) | (5.49) (1446.12) | (26.75)

D 18.00 36.00 | 0.056 | 0.108 | 0.058 | 0.944 203.90 5.84
(5.49) | (10.97) (1405.85) | (40.27)

E 18.00 54.00 | 0.056 | 0.164 | 0.087 | 0.917 198.07 5.83
(5.49) | (16.46) (1365.65) | (40.20)

% Material Properties
Concrete:
Compressive strength (28 days) , .

= 4000 psi (27.58 MPa)
Weight =150 pcf (2403 kg/m?)
Modulus of Elasticity = 3604 ksi (24849 MPa)
Age of concrete at stressing = 3 days

Compressive strength at stressing, f*
=1832 psi (12.63 MPa)

Prestressing:
Low relaxation, unbonded System
Strand diameter =% in (13 mm)
Strand area =0.153 in? (98 mm?)
Modulus of Elasticity = 28000 ksi (193054 MPa)
Coefficient of angular friction, p = 0.07
Coefficient of wobble friction, K
=0.0014 rad/ft (0.0046
rad/m)
Ultimate strength of strand,fp“ =270ksi (1862
MPa)
Ratio of jacking stress to strand’s ultimate strength
=0.8

Anchor set =0.25in (6.35 mm)

% Loading:
Dead load = self weight + 5 psf (allowance for curbs,
lighting, drainage etc.)

=[(5/12)x150]+5 = 68 psf (3.26 kN/m")
Live load =50 psf(2.39 kN/m?)
A. Friction and Seating Loss

i. Friction Loss
Considering only the left half span since the tendon

is symmetrical about the mid length and stressed
from both ends.

Stress at distance x from the jacking point,
1)_“ _ F)je—(ya-t—l\'.\‘)

where,

P =stress at jacking point;
=08xf =0.8x270=216 ksi
(1489.28 MPa);
x  =distance from the stressing point; and
« = change of angle in strand (radians) from
the stressing point to distance x.

Calculation of a:

Span 1:

Nalb
| +\;'ufb

c=18 Y0P /225 45 ft(2.01 m)
1+4/0.75/2.25

AB:
a=2e/L=2(0.75/12)/6.59=0.019 rad

Where “e” is the drape and “ L “ is the distance
along the member.

BC:
a=2ellL= 2(2.25/12)/11.41:0.033 rad
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Span 2:
CD:

a:4e/L:4(3/12)/18:0.056 rad
Span 3:
DE:
=4e/L = 4(3/12)/18= 0.056 rad
The following table summarizes the stress
calculations at supports and first span midpoint,

followed by detailed calculation for midspan of first
span.

Detailed Calculation at point B:

b = 6.59 ft (2.01 m)

a = 0.019 rad,

U = 0.07

K = 0.0014 rad/ft (0.0046 rad/m)
P =08 Xfpu =0.8 x270

=216 ksi (1489.28 MPa)
=P o HatKx) _ 216 e (007x0019+0.0014x6.59)
= 213.62 ksi (1472.87 MPa)
Loss =216-213.62 = 2.38 ksi (16.41 MPa)

ii.  SeatingLoss
Stress loss due to seating can be calculated from
the following relationship,

mid

1
a= A I (ﬁnal stress — initial stress) dx

5

Where,

a =anchorset = 0.25in (6.35 mm)
E_ =modulus of elasticity of tendon
= 28000 ksi (193054 MPa)

Consider the section “x” at 20 ft (6.100 m) from the

stressing point and calculate the seating loss. (Fig
10.5.1-2a)

Assume that the stress loss is linear along the span.

(216 —203.90)/36 = x/20
X =6.72ksi (46.33 MPa)

Seating loss, a=(2x6.72x20x12)/(2x28000)
=0.06 in (1.52 mm)

This is much less than the given seating loss, 0.25 in

Post-Tensioned Buildings

216 ksi
(1489.28 MPa) PTSS61

I: 209.74 ksi
X "

(1446.12 MPa)
| 20'(6.10m)

36' (10.97m)

203.90 ksi
(1405.85 MPa)

198.07 ksi
(1365.65 MPa)

—

(a) Influence distance assumed 20' (6.10m)

216 ksi

(1489.28 MPa) 209.74 ksi

(1446.12 MPa)
' 203.90 ksi
(1405.85 MPa)

198.07 ksi
(1365.65 MPa)

39.75' (12.12m) 4[
54' (16.46m)
(b Influence distance assumed 39.75' (I12.12m)
FIGURE 10.5.1-2 Seating Loss Influence Distance

Consider the section “x” at 39.75 ft (12.116 m) from

the stressing point and calculate the seating loss.
(Fig 10. 5.1-2b)

(216 - 198.07) / 54 = x/39.75
x =13.20 ksi

Seating loss,

a=(2x13.20x39.75x12)/(2x28000) =
=0.23in (5.84 mm) =~ 0.25in (6.35 mm)

Maximum stress in the tendon =216 - 13.20

=202.80 ksi (1398.27 MPa)
B. Long-Term Loss

Long-Term loss calculation for first span:

¢ Elastic Shortening:

E
ES :K(.’S [E ]-f(‘pﬂ

Jea = 250 psi (1.72 MPa)

E, = 2440ksi (16823 MPa)
E. = 28000 ksi (193054 MPa)
ES =

0.5x (28000 / 2440)>< 0.250 =1.434 ksi (9.89 MPa)

Stress Losses in Prestressing

TABLE 10.5.1-2 Summary of Long-Term
Stress Losses (1174)

ksi MPa | %

Elastic shortening (ES) | 1.43 9.89 | 11

Creep (CR) 3.32 | 22.88 | 24
Shrinkage (SH) 311 | 2143 |23
Relaxation (RE) 572 |39.41 | 42

Total 13.58 | 93.60 | 100

% Shrinkage of Concrete:
SH =82x10°K ,E (1—0.06%)(100—RH)

sh™'s

V/S =2.50in(63.5 mm)

RH =80%
K, =0.85 (from Table 10.4.3-1 for 3 days)
SH =

8.2 107 x0.85x28000(1—0.06x 2.5)(100-80)
= 3.318 ksi (22.88 MPa)

R/

% Creep of Concrete:

E,
CR :Kcr (E jf;pfr

¢

E

[

CR

3604 ksi (24849 MPa)
1.6x(28000/3604)x0.250 = 3.108 ksi
(21.43 MPa) for sand lightweight concrete

% Relaxation of Strands:
RE =[K, —J(SH +CR+ES)|C

For 270 ksi low relaxation strand, from Table
10.4.4-1:

K, =5ksi(34.47 MPa)
J =004
f, =213.62ksi (1473 MPa)

(considering midspan of first span as a
representative point)

/, =270 ksi (1861.60 MPa)

pu

fp/f,,u =213.62/270=0.79

From Table 10.4.4-2: C=1.22

RE  =[5-0.04(1.434 +3318+3.108)]1.22 =
= 5.716 ksi (39.41 MPa)
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Total Stress Losses =1.434 +3.318 +3.108 +5.716 =
=13.576 ksi (93.60 MPa)

10.5.2 Friction and Long-Term Stress Losses of a
Beam Reinforced with Bonded Post-Tensioning
The friction and elongation calculation procedures
are identical to the case of unbonded tendons
treated in the preceding example. Hence, the friction
and seating loss calculations are not repeated here.
The long-term loss calculation, however, differs
significantly, since the stress loss at a point in
bonded tendons is tied to the strain in concrete
adjacent to the tendon at the same point.

Structure

)

s Geometry

Two span beam with grouted post-tensioning
as shown in Fig. 10.5.2-1 in elevation and in Fig.
10.5.2-2 in section.

®

% Material Properties
Concrete:

Compressive 28 day strength, f = 27.58 MPa
(4000 psi )
Weight = 2403 kg/m?
(150 pcf)
Modulus of Elasticity = 24849 MPa
(3604 ksi)
Age of concrete at stressing = 3days
Compressive strength at stressing, f* = 20 MPa
(2901 psi)

Prestressing:

Post-tensioning is provided by a single tendon
consisting of 8-13 mm diameter low-relaxation
strands stressed at one end

Strand diameter =13 mm (% in)

Strand area =98 mm? (0.153 in?)

Modulus of Elasticity = 193000 MPa (27992 ksi )

Coefficient of angular friction, u = 0.20

Coefficient of wobble friction, K = 0.0002 rad/m
(0.000061 rad/ft)

Ultimate strength of strand,fpu =1862 MPa (270
ksi)

Ratio of jacking stress to strand’s ultimate strength
=0.8

Anchor set = 6 mm (0.24 in)
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% Loading
Selfweight of beam for 6 m tributary =26 kN/m
(1.78 k/ft)

Superimposed sustained load in addition to
selfweight after the beam is placed in service
(1.02kN/m2) =2.63 kN/m (0.18 k/ft)

Live load is generally not considered for the long-
term stress loss in grouted tendons.

Itis required to calculate the long-term stress losses
in the prestressing tendons at midpoint of the first
span and over the interior support.

The long-term stress loss calculation consists of the

following steps:

1. Determine the initial stress in tendon at midspan
and over second support. Use a software or
hand calculations.

2. Determine the bending moments and stresses
at midspan and over the first support due to
selfweight and the superimposed sustained
loading. Also, calculate stresses due to
post-tensioning tendons.

3. Use the relationships given in this Chapter to
calculate long-term stress losses.

PTS562

) 59.05 @D sy @
‘f (18m) 1 (3m)
08— | - 3%4 | F
| (1800mm) Ak (900mm) | 25
— — —x — S
IL\r/r‘ T |
----- 295 295 / * Ay
‘ (75mm) [ (75mm) [ S 12400
2953 | 2953 14.76' | 14.76' | (315mm
(9m) {9m) (4.5m)" (4.5m)
(a) Tendon elevation
5, s~ loss of'slressdue o~ 196.64ksi
= é to sealing o (135579 Nfmm?)
k=37 mayx stress = 201.56 ksi

(1389.68 Nimm?)

| sse | 19530 ksi
ST — (1346.55 Nimm?)
(b) Stress diagram

FIGURE 10.5.2-1 Tendon Profile and Force

Post-Tensioned Buildings

PTS611
2580mm (101.57"
| MOLS7) . t3omm (5429
* =
900mm
(35.43"
500mm (19.69")
FIGURE 10.5.2-2 Section
Stress Losses in Prestressing
4.162 kMt
et (60.739 kNfm)
1o, &:?wk;ﬂ' (24.605 kN/m) 1.825 kit
’ / (26.631 kN/m)

PIWTTT il i

e L
(“‘172;’91.2“.?;, erun | | [ \‘\. 26.94 kips
5 !

(98.420 kN/m) 3 (119.84 kN)
[\ Voz2mwm
17606 kIR _/ {3979 kN/m)
(256.937 kNm) \ .
5.66 kips
(25162 kN)
(a) BALANCED LOADING
299.49 k-t
(406.05 kN-m)
/"\ /\
396.29 k-t
(537.30 kN-m)

(b) POST-TENSIONING MOMENTS

POST-TENSIONING LOADS AND MOMENTS

FIGURE 10.5.2-3 Post-Tensioning Loads
and Moments (P611)

Stress Losses in Prestressing

A- Calculation of initial stress in tendon: The
initial tendon stresses (f, ) after anchor set may be
read off from Fig 10. 5.2-1:

At midspan 1355.79 MPa (196.64 ksi)
At support 1346.55 MPa (195.30 ksi)

B- Bending moments and stresses at required
points: The section properties of the beam are:
Cross sectional area A= 720400 mm? (1116.62 in?)
Second moment of area I = 5.579*10'° mm*
(134036 in*)
Neutral axis to bottom fiber Y, = 595.0 mm
(23.43 in)
Neutral axis to top fiber Y= 305.0 mm (12.01 in)

Neutral axis to height of strand
At midspan ¢ =595-75 =520.0 mm (20.47 in)
At support ¢ =305-75 =230.0 mm(9.06 in)

The distribution of bending moments due to
selfweight of the beam is obtained using a computer
program®. Balanced loads from post-tensioning and
post-tensioning moments are shown in Fig. 10.5.2-
3.

Moment at midspan ~ 658.34 KN-m (485.57 k-ft)
Moment at support  -789.29 kN-m (-582.15 k-ft)

Stresses in concrete at center of gravity of tendons
(/;) due to weight of structure at time of stressing
are calculated at height of tendon CGS’. This is a
hypothetical point for concrete, as in the general case
there is no concrete at CGS of tendons. The tendon
spans between the supports, and is profiled such
as to provide uplift against the weight of the beam
on formwork. Selfweight of concrete is considered
as a permanent load and the strain due to elastic
deformation resulting from selfweight is considered
as part of long-term stress change. Stresses from
post-tensioning and selfweight contribute to the
long-term changes in tendon stress.

Stressfgat midspan:

= £658.34x10" x520?/(5.579><1010) =
.14 MPa (0.89 ksi)(tension)

Stressj; at support:

=§789.29><106x230 /(5.579x10“’) =
25MPa  (0.47 ksi) (tension)

e
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Stresses due to superimposed sustained loading f
may be prorated from the selfweight stresses:

Stress f , at midspan =

=(2.63/26) x6.14 = 0.62 MPa (0.0.09 ksi)
(tension)

Stress f,, at support =

=(2.63/26) x3.25 =0.33 MPa (0.0.05 ksi)
(tension)

The initial stress in concrete is calculated from the
balanced loading immediately after the tendon is
seated. In other words, before long-term losses take
place. The values of the balanced loading and the
associated post- tensioning moments are given in
Fig. 10.5.2-2.

Atmidspan M, =-406.05 kN-m (-299.49 k-ft)
Atsupport M, = 537.30 kN-m (396.29 k-ft)
Initial concrete stress due to post—tensioningﬁp‘,:

At midspan:
The initial post-tensioning force is

Pp‘. = 8x98x1355.79/1000 =1062.94 kN (238.96
kips)

P, M
o=t =
.fqu ( A ] ]

1062.94x10° | 406.05x1 0°%520)
720400 5.579x10"

— 5.26 MPa(763 psi)(C)

At support:

The initial post-tensioning force
P,= 8x98x1346.55/1000 = 1055.70 kN (237.33
kips)

1055.70x10°  537.30x10°x230
ﬁ'pi = + =

720400 5.579x10"
=3.68 MPa (534 psi)(C)

6 ADAPT PT program for post-tensioned floor
systems and beam frames www.adaptsoft.com
Center of Gravity of Steel

~
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C. Calculation of long-term stress losses
i. AtMid-span

% Elastic Shortening:

E
ES=K,|—=|f
LS[E jf;u

K, =0 (all strands are pulled and anchored
simultaneously) ; hence,
ES =0 MPa ( 0 psi)

Observe that, in this example, the long-term losses
due to elastic shortening are zero since all the
strands are stressed and anchored simultaneously.

% Creep of Concrete:

For the calculation of losses due to creep, the initial
stress in concrete f will be calculated with both the
selfweight and the sustained superimposed loadings
considered as active. Hence,

f,,. = 0.88 MPa (128 psi) (Tension) from elastic
shortening calculations

f.r =526 -6.14 =-0.88 MPa(-128 psi) (Tension)

f.4s=0.62 MPa (90 psi) (Tension) from stress
calculations

E
CR :Kcr [Es ](f;’ir - f;([r)
K. =1.6
E = 4700%27.58"* = 24683 MPa (3580 ksi)

(/.. f.J=-0.88 - 0.62 = -1.50 MPa (-218 psi)
(Tension)

Obsgrve that the net stresses ., - f,) are
tensile. Stress loss due to creep is associated
with compressive stresses only. A negative sum is
substituted by zero. In fact, it results in an increase
in stress. Therefore,

CR =1.6x(193000/24683)x0 =0 MPa

** Shrinkage of Concrete
The relationship used for shrinkage is:

SH =8.2x10°K ,E (1 —0.00236%)(100—RH)

sh™'s

Post-Tensioned Buildings

Where,

K, = 0.85 (for stressing at 3 days - Table
10.4.3-1); and

RH =0.70 (given relative humidity).

V/S  =volume to surface ratio

= (2580x130+500x 770)/(2x 2580 +2x770)
=107.52 mm (4.23 in)

SH = 8.2x107°%0.85%x193000 x
(1—0.00236><107.52)><(100—70) =
=30.12 MPa (4.37 ksi)

¢ Relaxation of Strands

RE=[K, -J(SH+CR+ES)|C

£y =1355.79 MPa(196.64 ksi)
f/f,, =1355.79/1862 = 0.73
C =0.90 (from Table 10.4.4-2)

For 270 ksi low relaxation strand, from Table

10.4.4-1:
K,  =34.47 MPa (5000 psi)

re

J =0.04
RE =[34.47-0.04x(30.12+0+0)]x0.90 =
= 29.94 MPa (4.34 ksi)

Hence, total stress loss is given by:
TL =0+0+30.12 + 29.94 = 60.06 MPa (8.71 ksi)

il. At Second Support

Over the second support the stress losses are
computed as follows:

<+ Elastic Shortening

E
ES =K =\ f.
es (E j.fctr'

ci

K, =0 (all strands are pulled and anchored
simultaneously)

Hence, ES =0 MPa ( 0 psi)

% Creep of Concrete

x| B s
CR =K, [ 3 J(fm- Soas)

Stress Losses in Prestressing

3.68 - 3.25 = 0.43 MPa (62 psi) (C)
0.33 MPa (48 psi) (T)

frir
f;ds

CR =1.60x(193000/24683)x(0.43-0.33) =
= 1.25 MPa (0.18 ksi)

L)

% Shrinkage of Concrete
Same as in the midspan
SH  =30.12 MPa (4.37 ksi)

R/

% Relaxation of Strands

RE =[K,~J(SH +CR+ES)|C
f,  =1346.55MPa (195.30 ksi)

f,/f,, =1346.55/1862 = 0.72

C 0.85 (from Table 10.4.4-2)

For 270 ksi low relaxation strand, from Table
10.4.4-1:

K, =34.47 MPa (5000 psi)
0.04 (from Table 10.4.4-1)

J
RE  =[34.47-0.04x(30.12+1.25+0) |x0.85 =
28.23 MPa (4.09 ksi)

Hence, total stress loss is

TL =0+1.25+30.12 + 28.23 =
=59.60 MPa (8.64 ksi)

The outcome of the stress loss calculations is
summarized in Table 10.5.2-1. The loss due to elastic
shortening and creep are effectively zero. For the
problem at hand, at the locations considered the net
strain of concrete under selfweight is tensile. Strictly
speaking, there will be an increase in the tendon
stress, as opposed to decrease. However, in practice,
the change is assumed to be zero. This is a common
case, since at most design-critical sections along a
member, tendons are located in the tensile zone of
the section.

TABLE 10.5.2-1 Summary of Long-Term Stress
Losses at Midspan (T175)

ksi | MPa | %
Elastic shortening (ES) | 0 0 0
Creep (CR) 0.18 | 1.25 |2
Shrinkage (SH) 437 | 30.12 | 51
Relaxation (RE) 4.09 | 28.23 | 47
Total 8.64 | 59.60 | 100
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10.6 NOTATION

a = Anchor set;

A = cross sectional area;

CR = stressloss due to creep;

e = eccentricity of tendon from centroidal
axis;

E. = concrete's modulus of elasticity at 28
days;

E.; = concrete’s modulus of elasticity at
stressing age;

ES = stressloss due to elastic shortening;

E; = strand’s modulus of elasticity;

feds = stressin concrete at center of gravity

of tendons due to all superimposed
permanent dead loads thatare
applied to the member after it has been
prestressed;

feir = netstress in concrete at center of gravity
of tendons immediately after prestress
has been
applied to concrete;

fepa = average compressive stress in concrete
immediately after stressing, at a
hypothetical location defined by the
center of gravity of tendons;

fpi = stressintendon immediately after
transfer of prestressing;

fpu = ultimate strength of strand;

I = second moment of area (moment of
inertia);

] = a coefficient for stress relaxation in
tendon;

K = wobble coefficient of friction expressed
per unit length of strand;

K;ir = anadjustment coefficient for loss due to
elastic shortening;

K. = creep coefficient;

Kos = acoefficient for elastic shortening stress
loss calculation;

K., = acoefficient for stress relaxation in
tendon;

K¢y = ashrinkage constant;

M = moment;

Py, = stressatdistance x from the jacking
point;

RE = stressloss due to relaxation of tendon;

RH = relative humidity (percent);

SH = stressloss due to shrinkage of concrete;

V/S = volume to surface ratio;
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Yp = centroidal axis to bottom fiber;

Y¢ = centroidal axis to top fiber;

a = change of angle in strand (radians) from
the stressing point to distance X; and

# = coefficient of angular friction.
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CHAPTER 11

STRUCTURAL MODELING OF POST-TENSIONED TENDONS
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Transfer Plate under Construction
(Jabal Omar Tower; KSA; P629)

11.1 STRUCTURAL MODELING REQUIREMENTS
OF PRESTRESSING TENDONS

Prestressing is used to control crack formation in
concrete, reduce deflections, and add strength to the
prestressed member. Prestressing thus plays a sig-
nificant role in the structural integrity and desired
response of a member.

The authenticity and relevance of the analysis of a
prestressed concrete member rests, first and fore-
most, on appropriate modeling of the tendons. Sev-
eral different modeling schemes are used to repre-
sent prestressing tendons, each of which has some
degree of approximation [Scordelis, 1984; Ketchum
et al, 1986]. This Chapter provides a brief descrip-
tion of each scheme and places their comparative
features in perspective.

The focus of this Chapter is on the post-tensioning

tendons. These are groups of prestressing strands,
wires, or rods, which are stressed against the con-

Post-Tensioned Buildings

crete member after the concrete is set. The tendons
are typically given a profile in the vertical plane to
enhance their load resisting characteristics.

The contribution of a tendon to the response of the
prestressed member depends on the stress in the
tendon at service and strength limit conditions, the
tendon’s profile, and its cross-sectional area. There
has been little difficulty in representing the tendon
profile accurately in structural analysis. The chal-
lenge facing the various modeling schemes has been
the accurate determination and representation of
the stress in the tendon, including immediate and
long-term effects. Depending on the structure, the
validity of the overall analysis may depend upon the
inclusion of such effects in the analysis model.

Critical considerations in the structural modeling of
post-tensioned tendons are [Aalami, 2000]:

A. Immediate Loss of Stress in a Tendon: Figure
11.1A-1a shows a post-tensioned tendon within a

www.PT-structures.com
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partially displayed concrete member. When the ten-
don is pulled with a force F, at the stressing end, it
will elongate. The elongation will be resisted by fric-
tion between the strand and its sheathing or duct,
however. As a result of this friction, there will be a
drop in the force in the tendon with distance from
the jacking end. The friction is composed of two ef-
fects: curvature friction which is a function of the
tendon’s profile, and wobble friction which is the re-
sult of minor horizontal or vertical deviations from
the specified profile.

After they are stressed, the tendons are typically
anchored with conical wedges. The strand retracts
upon release and pulls the wedges into the housing
of the anchorage device; this forces the wedges to-
gether and locks the strand in place. The retraction
of the tendon results in an additional stress loss over
ashortlength of the tendon at the stressing end. This
loss is illustrated by the difference between the jack-
ing force and the final force at the left end of the force
profile in Fig. 11.1A-1b.

Part (b) of the figure shows the variation in force
along the tendon. In general, the stress loss will de-
pend on the tendon’s length, its profile, its friction
characteristics, the design of its locking mechanism
and the stressing force. The combined loss due to all
of these effects is commonly referred to as the fric-

~STRESSING END
/ TENDON

DEAD END

(a) TENDON GEOMETRY

+F EFFECTIVE (AVERAGE) FORCE
8 /
Fo x/

(b) TENDON FORCE PROFILE

FIGURE 11.1A-1 Loss of Prestressing Due to Fric-
tion and Seating (P612)
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tion and seating loss. The force profile will be simi-
lar for a tendon stressed at two ends; although there
will be a seating loss at each end the total loss due to
friction will be less.

B.Elastic shortening: Most prestressed members are
reinforced with several tendons which are stressed
and anchored one after another. As each tendon is
stressed, the compression in the concrete member
increases. The elastic shortening of the concrete due
to the increase in compressive stress causes a loss of
prestressing force in tendons which were previously
stressed and anchored. The stress loss in each ten-
don will depend on the total number of tendons in
the concrete member and the sequence of stressing
among other factors.

C. Long-term losses: Long-term losses cause a re-
duction in tendon stress with time. These losses are
due to several factors:

(i) Relaxation of the prestressing steel

Prestressing tendons lose a fraction of their initial
stress with time due to the metallurgical character-
istics of the prestressing material. The loss in stress
at any location along a tendon depends on the cur-
rent value and duration of the stress at that location.

(ii) Shrinkage in concrete

A significant cause of prestressing loss is shrinkage
shortening of the concrete which houses the tendon.
This results in a corresponding shortening of the
tendon and thus a direct reduction in tendon stress.
The reduced tendon stress slightly reduces the rate
and amount of stress loss due to relaxation of the
prestressing steel, however.

(iii) Creep in concrete

In grouted (bonded) post-tensioning systems, there
is strain compatibility between the tendon and the
concrete. Creep strain in the concrete adjacent to the
tendon thus causes a decrease in tendon stress, if
concrete adjacent to tendon is in compression. For
unbonded tendons, the decrease in stress along the
tendons due to creep of the concrete is generally a
function of the overall (average) precompression of
the concrete member.

(iv) Change in stress due to bending of the member
under applied loading

As with nonprestressed steel, the bending of a con-
crete member due to applied (dead and live) loading
results in a change in stress of the prestressing ten-
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dons. The stress change for grouted tendons is the
same as that of any nonprestressed steel located at
the tendon position. The stress change due to bend-
ing is usually not viewed as a stress loss since, in
most cases, there is an increase in stress. For a rigor-
ous evaluation of the affected member, however, this
change in stress must be accounted for, particularly
when large deflections are anticipated.

11.2 STRUCTURAL MODELING OPTIONS OF PRE-
STRESSING TENDONS

For structural analysis, the prestressing tendons can
be modeled either as a loading applied to the host-
ing member or as a component which resists the ap-
plied loading in conjunction with the hosting mem-
ber. Techniques which model the tendon as applied
loading include load balancing, modeling through
primary moments, and equivalent load through dis-
cretization of the tendon force.

11.2.1 Modeling of Tendon as Applied Loading

A. Simple Load Balancing: Load balancing, the
method introduced by T. Y. Lin [1963] is the simplest
and most expedient method of modeling tendons. It
is the most commonly used method in building de-
sign and when it is applied judiciously and its limita-
tions are recognized, it is a powerful technique.

In its simplest form, load balancing can be applied
under the following conditions:

20m 12m
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 1200kN =100
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; ' oo 800
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(b) BALANCED LOADING
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< The member is prismatic with no change in the
position of its centroidal axis.

% The tendon profile in each span can be approxi-
mated as a single, continuous parabola.

< The change in stress along the length of the ten-
don is small and does not affect the analysis. In
other words, an effective (average) force can be
assumed for the tendon.

% The effect of axial loading due to prestressing and
the flexure of the member due to prestressing are
independent from one another (decoupled).

If the given conditions are met, the impact of a ten-
don, removed from its housing, can be approximated
by uniform loads on each span, if tendon is in shape of
a continuous parabola from one span support to the
next, as illustrated in the example of Fig. 11.2.1A-1a. In
practice, tendons change curvature over the supports
and the distribution of force, depending on the shape
of tendon, can be as shown in part (b} of the figure.

Itis emphasized that the premise of load balancing is
constant force along the length of a tendon.

The force of the tendon on the concrete is considered
to balance (offset) a portion of the load on the mem-
ber, hence the “load balancing” terminology. The
loading from the removed tendon (Fig. 11.2.1A-1)
is in self-equilibrium with the reactions it causes at
the end of each tendon span. The lateral tendon force

10 8 2, 48 8
o = S ,i!
|
400 T w —400
=
TA /A A
60 700 300

(a) REVERSED PARABOLA PROFILE

33.33
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81.60 LLJ 133.33 pll

(b) BALANCED LOADING

FIGURE 11.2.1A-1 Examples of Lateral Forces from Post-Tensioning Tendon (P613a,b)
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and its associated concentrated loads are collective-
ly referred to as the balanced loading. The balanced
loading is independent of the support conditions of
the structural member. Additional information on
load balancing is provided in [Aalami, 1990].

In practice, tendons cannot be placed with sharp an-
gles over the supports, as illustrated in Fig. 11.2.1A-1
a. A gradual curve at reversal in tendon curvature is
the actual condition. Tendon low points are at pre-
determined locations (mid-span in most building
construction), and there is a gradual reversed curva-
ture over the supports. The force imparted by a ten-
don to the concrete thus becomes more complex and
less amenable to hand calculation. This refinement
in simple load balancing is used primarily in associa-
tion with automated (computer) analysis.

Reversed parabola profile is made up of basic simple
parabola segments, with the forces associated with
each segment. Figure 11.2.1A-2 illustrates the prac-
tical shape of a tendon with low points positioned
at the center of each span and the associated lateral
forces.

The principal shortcoming of the simple load bal-
ancing is that it does not apply to members whose
centroidal axis changes along their length, such as
members with differences in thickness, or steps. The
other shortcoming is that the immediate and long-
term stress losses in prestressing must be approxi-
mated and accounted for separately.

B. Extended Load Balancing: Consider the two-
span beam shown in Fig. 11.2.1B-1. Because the two

PTS613
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Reversed Parabola Tendon and
its Balanced Loading

FIGURE 11.2.1A-2 Reversed Parabola Tendon and
its Balanced Loading
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spans are of different depths, the tendon ends on ei-
ther end of the beam are not aligned. In order to de-
couple the axial and flexural actions, in accordance
with the load balancing concept, it is necessary to
add a moment at the point at which the centroidal
axis shifts i.e. over the central support. This is shown
in Fig.11.2.1B-1b and is described in more detail in
Section 4.8.1C. Since this approach assumes a con-
stant effective force, the added moment is simply the
product of the post-tensioning force and the shift
in the centroidal axis: 1200x0.15 = 180kNm (132.8
k-ft), where 0.15m (7.2 in) is the distance between
the centroids of the two spans.

The principal advantage of the extended load balanc-
ing approach is its ability to account for nonprismat-
ic members. It does not include a calculation of the
prestressing losses.

C. Tendon Modeling Through Primary Moments:
The primary moment, Mp, due to the prestressing
force, P, at any location along a member is defined as
the prestressing force times its eccentricity, e.

M, = Pe (Exp 11.2.1C-1)

The eccentricity of the force is the distance between
the resultant of the tendon force and the centroid of
the member. For the example shown in Fig11.2.1C-1,

the moment at the right end of the first span is:

M,=1200(400-100)/1000=360 kNm (265.3 k-ft)
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11.2.1B-1 Extended Load Balancing (P615)
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11.2.1C-1 Modeling Through Primary Moments
(P616)

The primary moment can be used as an applied
loading in lieu of the balanced loading for structural
analysis. This modeling technique is more common-
ly used by bridge designers than building designers.
[t has the advantage of implicitly accounting for non-
prismatic sections— a condition which is common
in bridge construction. An added advantage is that
by considering the primary moment at each section
to be the duly adjusted force at that section times the
eccentricity at the section, prestress losses along the
tendon can be included. Note that if this option is ad-
opted, the axial component of the prestress loading
must be represented in its variable form to maintain
equilibrium of forces.

The primary moment, whether or not is adjusted for
prestress losses, depends only on the force in the
tendon, the tendon profile and the cross-sectional
geometry of member. It is independent of the num-
ber and location of member supports or the support
conditions.

In practice, the primary moment diagram is dis-
cretized into a number of steps as illustrated sche-
matically in Fig. 11.2.1C-2. Each discrete moment
shown in part (b) of the figure is equal to the change
in the value of moment between two adjacent steps
in the primary moment diagram. Note that the
change of moment due to the shift in the centroidal
axis (Ms) is automatically accounted for.

For the example shown

M +M,=408 kKNm (300.7 k-ft)
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(b) APPLICATION OF PRIMARY MOMENTS
AS APPLIED LOADING

11.2.1C-2 Discretization and Application of Primary
Moments (P617)

D. Equivalent Force through Discretization of
Tendon: In this modeling scheme, the tendon force
is discretized along its length to achieve the follow-
ing improvements in accuracy:

% The method accounts for the variation of force
along the tendon length caused by the friction
and seating of the tendon at stressing.

% The method accounts for losses in prestressing
due to creep and shrinkage using an approxi-
mate procedure.

Consider a span of a continuous member and its
prestressing as shown in Fig. 11.2.1D-1. The tendon
length is idealized as a series of straight line seg-
ments, typically 20 segments per span. Fig. 11.2.1D-
2 shows a portion of the discretized tendon. The ac-
tual distribution of prestressing force is the smooth
curve marked “actual” in part (b) of the figure. For
a tendon idealized as a series of straight segments
there is a gradual stress loss along each segment due
to wobble friction. The component of friction due to
curvature (angle change), however, is concentrated
at the intersection of the segments (marked as node
i,i+1, ...). Hence the force distribution would be rep-
resented by a series of sloping lines with steps at the
discretization points as shown in part (b). The force
distribution can be further simplified by considering
the force in each tendon segment to be equal to the
force at the mid-point of the segments, as shown in

part (c).
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For arepresentative tendon node i, the tendon forces
of the adjacent segments are F; and F;; as shown in
Fig. 11.2.1D-3. The two segment forces can be re-
solved into equivalent forces F,;, and Fy;, parallel and
perpendicular to the centroidal axis of the hosting
member. These two force components can be trans-
ferred to the centroid of the section with the addition
of a moment, M;, equal to F,,e, where e is the eccen-
tricity of the tendon at tendon node i. Fig. 11.2.1D-
4 illustrates a series of equivalent tendon actions
placed at the member centroid using this method.

This scheme, when coupled with an iterative solu-
tion strategy which involves the coupling of the ten-
don force and its equivalent loading, results in an
analysis in which immediate prestress losses can be
rigorously accounted for and long term losses can be
approximated. At each iteration the prestress losses
are computed on the basis of the current prestress-
ing force. The current force is then used to compute
the equivalent forces, which will, in turn, change the
long-term losses. The iteration is continued until
convergence is achieved.

11.2.2 Modeling of Tendon as a Load Resisting
Element

Unlike the modeling schemes described in the previ-
ous sections, in this scheme the tendon is modeled
as a load-resisting element; the tendon is not consid-
ered as removed from the concrete member. Rather,

: /~CURVED TENDON

(a) ACTUAL GEOMETRY

FINITE ELEMENT
| ‘\ —STRAIGHT TENDON SEGMENT

I
’ .
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"ANGULAR CHANGE NODE —,

(b) IDEALIZED TENDON

FIGURE 11.2.1D-1 Tendon Presentation by
Discretization (P618)
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FIGURE 11.2.1D-3 Resolution of Tendon Actions
at Discretization Points (P620)
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FIGURE 11.2.1D-4 Equivalent Tendon Actions at
Centroidal Axes (P621)

Structural Modeling of Post-Tensioned Tendons

the tendon is modeled as a distinct element linked
to the concrete member. One other characteristic
of this approach is that the allowance for long-term
stress loss becomes an implicit feature of the com-
putations. Separate stress loss computations are not
required.

Fig. 11.2.2-1, shows a partial elevation of a post-ten-
sioned member. The figure is used to illustrate the
modeling. For simplicity, only one prestressing ten-
don is shown. Before describing the discrete tendon
modeling option however, the equivalent load ten-
don modeling is reviewed.

Parts (b), (d) and (f) of the figure illustrate the repre-
sentation of a tendon by means of equivalent loading.
Note that the tendon is considered removed from its
housing. The initial forces imparted by the tendon
to the segment are transferred to the centroid of
the segment (part d). These forces are considered
as a constant applied loading which is not affected
by creep, shrinkage, nor the deformation of the seg-
ment. Long-term loss effects are accounted for at a
later stage.

In contrast, in the discrete tendon modeling scheme,

SEGMENT—, —TENDON

-

b=

(a) SEGMENT ELEVATION

REMOVED
TENDON _TENDON
(—_
CENTROIDAL | |
AXIS [

(b) TENDON AS EXTERNAL (c) TENDON RETAINED

FORCE IN SEGMENT
S e A
—
(d) EQUIVALENT TENDON (e) TENDON AS
FORCE ELEMENT

oRlslNALE'

=i f = | DISPLACED
Sl EE

() DISPLACED (g) DISPLACED
SEGMENT SEGMENT

FIGURE 11.2.2-1 Discrete Tendon Modeling and
Equivalent Load Modeling Options (P622)
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FIGURE 11.2.2-2 Prestressing Tendon Segment
Idealization (P624)
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FIGURE 11.2.2-3 Representation of Segment of a
Prestressing Tendon through a FEM Shell Element
(P625)

the tendon is retained in position (Fig. 11.2.2-1 -c).
Each tendon in the segment is viewed as an indepen-
dent element, subject to displacement and change
in stress based on the deformation of the segment
within which itis housed, or to which itis locked (ex-
ternal tendons). Each tendon element is assumed to
have an initial force which is determined from fric-
tion loss calculations. Any subsequent deformation
of the concrete segment, such as shown in (g), will
be accompanied by a compatible displacement of the
tendon element, using the requirement of plane sec-
tions remaining plane (Fig. 11.2.2-2). The displace-
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ment of the tendon ends at the faces of the hosting
concrete segment results in a change in tendon force.

Observe that in this modeling scheme there is an
implicit interaction between the deformation of the
hosting concrete segment and the force in tendon,
irrespective of the cause of the deformation. As a
result, it is not necessary to calculate the deforma-
tions due to creep and shrinkage separately in order
to modify the tendon force. Likewise, the change in
prestressing force due to relaxation is automatically
accounted for in the equilibrium equations set up for
the analysis of the segment.

This modeling scheme is the core of analysis software
such as ADAPT-BUILDER ' ABI. This modeling scheme
is applicable to both beam, shell and plate problems
such as floor slabs and bridge decks where the con-
stituent elements of the slab can be viewed as consist-
ing of concrete shell or stick elements with embedded
prestressing tendon elements (Fig. 11.2.2-3).

11.2.3 Tendon Modeling Features and Comparison
Table 11.2.3-1 provides an overview of the features
of each of the modeling schemes. Improvements in
computational techniques and computing power
are now allowing the traditional, approximate, long-
term loss calculations to be replaced by techniques
such as discrete tendon modeling which include im-
plicit calculation of long-term losses. Although this
Chapter has discussed discrete tendon modeling in
conjunction with post-tensioned members, similar
benefits are obtained when the technique is applied
to pre-tensioned members.

Post-Tensioned Buildings

INTERGRATED ANALYSIS
PROCEDURE

TRADITIONAL ANALYSIS
PROCEDURE

ACTUAL WIDTH

—ACTUAL WIDTH
e ——
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WIDTH WIDTH
x TRANSFORMED
REBAR ~ REBAR
y /

(c) USE OF ACTUAL
REBAR

(d) USE OF TRANSFORMED
REBAR

FIGURE 11.2.3-1 Comparison Between Features of
Classical and “Implicit Tendon Modeling” (P626)

As an example, when using discrete tendon mod-
eling, it no longer becomes necessary to define a
“transformed width” in the analysis of precast pre-
stressed girders provided with cast-in-place topping
(Fig. 11.2.3-1a, and b). Or, it is no longer necessary
to represent embedded reinforcement as a trans-
formed equivalent concrete area (parts ¢ and d),
since in the analysis, the reinforcement is retained
within its host concrete member.

11.2.4 Example

Structural Modeling of Post-Tensioned Tendons

This example is intended to illustrate the applica-
tion of discrete modeling of tendons to the post-ten-
sioned member illustrated in Fig. 11.2.1A-2.

Concrete strength 40 MPa
Concrete long-term model ACI 209-78
Ultimate creep coefficient 2.5
Ultimate shrinkage coefficient 0.000400
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(b) STRESS ALONG BEAM

FIGURE 11.2.4-1 Structure and Stress Loss
in Tendon After 20 Years (P627)

Tendon area {10 strands)
Coefficient of angular friction
Coefficient of wobble friction
Jacking force (left end)
Applied sustained loading:
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988 mm?2
0.25 /radian
0.000066 /m
1470 kN

12 kN/m

Using a discrete tendon modeling software [ADAPT-
ABI?], a solution for the deformation and stresses
after 20 years was obtained. Each span was mod-

-175.0

(c) MOMENTS DUE TO LONG-TERM LOSSES

FIGURE 11.2.4-2 Post-Tensioning Actions and
Losses UsingDiscrete Tendon Modeling
(kN-m; 1.36k-ft) (P628)

TABLE 11.2.3-1 Tendon Modeling Schemes and Features (T176)

Tendon modeling Flexure/ | Solution | Losses at Allows Long- Tendon Member
Method membrane | mode | stressing non- term modeling | deformation
Stresses included | prismatic losses included
sections | included
Simple load balancing | De-coupled | Effective No No No Applied No
force load

Extended load De-coupled | Effective No Yes No Applied No

balancing force load

Modeling through De-coupled | Effective No Yes No Applied No

primary moments force load _

Generalized Coupled Variable Yes Yes No Applied No

equivalent load force load

Discrete Tendon Coupled Variable Yes Yes Yes Resisting Yes

idealization force element

I www.adaptsoft.com

TABLE 11.2.4-11 Tendon Modeling Schemes and Features (T177)

Tendon modeling Flexure/ | Solution | Losses at Allows Long- Tendon Membe.r
scheme membrane mode stressing non- term modeling | deformation
stresses included | prismatic losses included
sections included

Simple load balancing De- Effective No No No Applied No
coupled force load

Extended load De- Effective No Yes No Applied No

balancing coupled force loa.d

Modelingv through De- Effective No Yes No Applied No

primary moments coupled force 1oafi

Generalized equivalent Coupled Variable Yes Yes No Applied No

load force load

Discrete Tendon Coupled | Variable Yes Yes Yes Resisting Yes
idealization force element
Bonded Tendon 2 www.adaptsoft.com
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eled as 10 segments. The post-tensioning moments,
hyperstatic moments and the moments due to creep
and shrinkage of the beam are shown in Fig. 11.2.4-
2. T change in post-tensioning moment in the second
span due to creep and shrinkage is an increase from
514.20 to 564.00 kNm. The hyperstatic moment over
the interior support (162 kNm) is about 30% of the
post-tensioning moment (564 kNm).

The drop in tendon force after twenty years relative
to the jacking force is illustrated in Fig. 11.2.4-1b.
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CHAPTER 12

SECTION DESIGN FOR BENDING

W= M_._...-__Jn
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Bangkok Government Center, Post-Tensioned with Flat Duct Bonded Tendons (Courtesy PBL; P690)

12.1 BENDING DESIGN OVERVIEW

The last, but a critical stage in design of a post-ten-
sioned member is to determine whether the avail-
able post-tensioning provides adequate capacity
to resist the design moment at ultimate limit state
(ULS). And, if it does not, how much non-prestressed
steel should be added to the section to meet the de-
mand. In addition, the section must be checked to
have adequate ductility for a pronounced post-elas-
tic deformation. In the general case, a typical design
section of a floor system is subject to six components
of actions, namely three forces and three moments
as outlined in Section 4.9.5.5 At ultimate limit state
(ULS), however, the design for “bending” accounts
for the combined effects of the moment about an axis
parallel to the plane of the slab and the axial force
on the section. The foregoing moment and the axial
force are handled together, separate from shear and
other actions. Further, for floor system design, it is
assumed that the displacement of the section is nor-
mal to the axis of the moment - normal to the plane
of slab. Since “design sections” in floor systems are
generally contained by adjoining parts of the floor,
the assumption of displacement normal to the axis of
moment is justified. There will be no “unsymmetri-
cal” bending.

There is a fundamental difference in approach
for strength design between conventionally rein-
forced and post-tensioned members. In practice,

Post-Tensioned Buildings

the strength design of a member follows its satis-
factory design for in-service condition (SLS), when
the location and amount of prestressing is decided.
Other requirements of SLS, such as crack control,
or minimum reinforcement can result in addition of
non-prestressed reinforcement to post-tensioning
tendons. Figure 12.1-1a illustrates a post-tensioned
member with a continuous tendon, along with the
positive and negative design moment capacity that
the tendon provides. Part (c) of the figure illustrates
the additional capacity that will be available from
non-prestressed top reinforcement that may be re-
quired to complete the serviceability requirements.
When designing according to ACI 318, due to strict-
er requirements on crack control for two-way sys-
tems, the post-tensioning required for service con-
dition, generally provides adequate capacity for the
strength requirements of the same member. Mostly,
no added non-prestressed steel will be required at
ULS. Consequently, the process starts by first finding
the design capacity of a section. And, if the capacity
is not adequate, compute the amount of supplemen-
tal non-prestressed reinforcement.

This Section reviews the procedures for capacity
check, and design of sections under the combined
actions of bending and axial forces. Following a brief
introduction of the basics for the general procedure,
the Chapter details the ACI 318 and EC2 recommen-
dations for design of sections in bending. Each code-
based procedure is followed by a numerical example.

www.PT-structures.com
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Figure 12.1-1a is a member post-tensioned with
a continuous tendon. The tendon provides a base
moment capacity as shown in part (b) of the figure.
Where added reinforcement over the supports, and
possibly bottom rebar in the field are required to
meet the serviceability requirements, the base ca-
pacity of the member will be enhanced as shown in
part (c) for the condition of added top rebar.

Another aspect of design in practice is that the de-

s PT ~ MINIMUM REBAR

(a) POST-TENSIONED

(c) MOMENT CAPACITY OF PT AND
MINIMUM TOP REBAR

FIGURE 12.1-1 Base Moment Capacity of a Post-
Tensioned Member (P515)

sign sections are not always rectangular or in shape
of a simple T, reinforced with only one layer of pre-
stressing tendons and another layer of rebar. In the
general case, the geometry of a design section can be
non-standard, due to steps in a floor or other irregu-
larities. Further, for design sections that extend over
the entire design strip, there are generally multiple
tendons crossing the section at different locations
and at different angles. Similarly the nonprestressed
steel is likely to be multi-layered and not necessar-
ily normal to the section. This is particularly true,
where the design engineer specifies a mesh as base
reinforcement throughouta floor system, and wishes
to account for the availability of the base reinforce-

N @
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ment in the strength design of the section. It follows
that for practical design of a floor system, the section
design for strength should be general, and capable to
account for the complexity in geometry and layout of
reinforcement. This is particularly true, where soft-
ware is used to process the design automatically. In
such a case, the idealizations or simplifications that
are generally followed in hand calculations are not
available.

12.2 DESIGN BASED ON STRAIN COMPATIBILITY

The basic premise of strength design of a section
subject to bending and axial load is that the deforma-
tion follows the premise of “plane sections remain
plane” In addition, when dealing with design sec-
tions cut from the continuum of a floor system, it is
assumed that the section undergoes uniaxial bend-
ing and deflects normal to the slab surface, irrespec-
tive of whether the section and/or its reinforcement
is symmetrical about an axis normal to the slab sur-
face or not. The argument is supported by the fact
that, when in place, each design section is bound by
the constraint against lateral displacement and rota-
tion by the adjoining parts of the construction.

The strain compatibility and section design concept
are outlined by way of an example of a simple rect-
angle described next:

Figure 12.2-1 shows the geometry, strain and force
distribution for a rectangular section reinforced
with prestressing and non-prestressed steel. Ty Ty
Cs and C, represent forces from prestressing, non-
prestressed steel, compression steel and compres-
sion of concrete respectively. At strength limit state,
these forces combine to provide the design capacity
of the section. The combined effects of the forces fol-
low the relationships given below.

C-T=N (Exp 12.2-1)

Where,

C = Total compression on the section;
T = total tension on the section; and
N = externally applied axial force.

The force in each component of the section is based
on its computed strain from the linear distribution of
strain on the section, and component’s stress-strain
relationship. Figure 12.2-2 shows the simplified ver-
sions of the stress-strain relationships commonly

Section Design for Bending
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FIGURE 12.2-1 Forces and Strains

assumed. A number of commercially available soft-
ware allow for strain hardening in the stress-strain
relationship of the steel. The stress-strain relation-
ship shown in part (c) of the figure applies to bonded
tendons. Unbonded tendons do not follow the local
strain in concrete, at ultimate state of a section, the
force developed in an unbonded tendon is based on
empirical values, or relationships recommended in
the building code used. This is further discussed in
Section 12.3

Where a base reinforcement or tendon is not normal to
the section, its force component normal to the section is
considered in the preceding equilibrium relationships.

When calculating the capacity based on building
code requirements, additional conditions are im-
posed. The general procedure followed is: (i) as-
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sume a strain distribution over the section; (ii)
calculate the associated stresses in each of the con-
stituent parts; (iii) calculate the force contribution
of each component; (iv) check the outcome against
the two equilibrium equations. If the equations are
not satisfied, the strain distribution is adjusted for a
new trial. In the process, the assumed distribution of
strain at each iteration is checked to be less than the
maximum values permitted in the respective code.

ACI 318 sets the maximum concrete strain in com-
pression at 0.003. EC2 recommends 0.0035 for the
same strain. Further, each code reduces the force
values calculated for each component by a certain
fraction deemed to account for the uncertainties in
material properties and the reliability of computa-
tional process.

In addition to the limitations noted in the foregoing,
the codes impose another restriction in design to en-
sure that at ultimate limit state, the failure will be
ductile. The ductility of a section is deemed adequate,
if failure is initiated by yielding of reinforcement pri-
or to collapse. This is achieved by the restriction on
the maximum compressive strain in concrete (€gpqx)
and the maximum allowable depth of compression
zone (Cmax )- This is shown in Fig. 12.2-3 for ACI code.
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dt

N £ farthest lension reinforcement

€s

€ max/41=0.375
Limit of Maximum Depth of Compression Zone
FIGURE 12.2-3

In regards to the maximum depth of neutral axis, the
codes covered herein have the following suggestions:

A. ACI 318 Ductility Requirement': ACI 318 sets
the maximum depth of compression zone at 0.375d,,
where dt is the distance from extreme compression
fiber to the farthest reinforcement in the section.
The restriction can be relaxed, if the strength reduc-

1 ACI 318-11 Section R9.3.2.2
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tion factor (@) is reduced. The strength reduction
factor is a coefficient that controls the safety factor
of a design. For the condition under discussion the
following governs:

M, = dM, (Exp 12.2A-1)

Where,

M, = design moment capacity;

M, = nominal capacity obtained from the linear
strain distribution; and

® = strength reduction factor, recommended as
0.90 for bending, but adjustable based on
Fig. 12.2A 1

ACI permits exceeding c,,q, by lowering the strength
reduction factor @ as shown in Fig. 12.2A 1, thus en-
abling a continuous transition in design from pure
bending to pure axial loads. However, this provision
does not pertain to design of slabs in common build-
ing structures, since the floor slabs are primarily
acted upon in bending.
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FIGURE 12.2A-1

B. EC2 Ductility Requirements?: The maximum
allowable value for the depth of compression zone
(x) is determined based on concrete strength of the
section f’. [f].Code provides two values based on
stress-strain diagram used whether parabola-rect-
angle or bi-linear.

For parabola- rectangle stress-strain diagram

% For fy < 50MPa (7252 psi),
x=0.43h
% For f > 50MPa (7252 psi),

X = (1-862/ Ecuz)h

(Exp 12.2B-1)

(Exp 12.2B-2)

2 EC2(EN 1992-1-1:2004(E)), Section 6.1

D
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For bi-linear stress diagram
% For fy < 50MPa (7252 psi),
x=0.5h (Exp 12.2B-3)
% For fy > 50MPa (7252 psi),
x=(1-£3/ €,43)h (Exp 12.2B-4)

The values of £, €., €3 and €,,3 are according to
Table 3.1 of EC2.

C. Design Conditions Accounting for Ductility:
Since in prestressed members, there exists a given
amount of prestressing, and possibly additional non-
prestressed reinforcement, in regards to compliance
with the ductility requirements, six design conditions
as outlined in Fig. 12.2.C-1 arise. Depending on the de-
sign condition, none, tension, compression, or both ten-
sion and compression reinforcement may be required.
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FIGURE 12.2C-1 Design Conditions

The conditions are outlined below briefly.

Condition 1: This is the case where the capacity
provided by the available prestressing is in excess of
that required to resist the design moment M,. Fur-
ther, the associated depth of the neutral axis is less
than the allowable limit (¢ <c,,q,). This is the most
common situation. The section is adequate. No ad-
ditional reinforcement is required.

Section Design for Bending

Condition 2: The available prestressing is not ad-
equate to resist the design moment. Added rebar in
amount A, is required to supplement the prestress-
ing Aps. The combined areas of 4, and 4 resultin c
< Cmax The larger circle shown in the figure around
the rebar symbolically represents the maximum
area of rebar (4; nqy) that would bring the section to
its ductility threshold of (¢ = ¢pay)-

Condition 3: Prestressing and non-prestressed ten-
sion reinforcement in the amount that will result in
€ = Cmax are not adequate to resist the demand mo-
ment. In this case, the neutral axis is set at ¢,y cOM-
pression and tension reinforcement is added in an
amount and at the location that will retain the posi-
tion of the neutral axis at ¢, and provide adequate
capacity to meet the demand moment M,,.

In other words, the shortfall in design capacity be-
yond that available through the maximum value of
compression force associated with c;,,q, must be gen-
erated by a force couple resulting from addition of
tension and compression rebar. Depending on the
position of compression rebar, it may not reach its
yield stress at the section’s ultimate limit state.

Condition 4: In this case, the amount of available
prestressing in the section is excessive, in the sense
that at ultimate limit state the tensile force of the
existing prestressing will result in a compression
zone that exceeds the maximum depth set for ductil-
ity (¢ >cnax)- An example for such a condition is in
Fig. 12.2C-2. In the beam shown, the post-tensioning
is determined based on the mid-span moment, but
it is continued to the end supports. At regions near
the end supports, the smaller effective depth of the
section leads to a smaller c,,,, than that available at
midspan.

o PTS375
/

Elevation : Post-tensioned Member
FIGURE 12.2C-2

In this condition, the design capacity of the section
is based on the capacity of the section’s compression
zone. The section capacity based on the force gen-
erated in the compression zone is calculated setting
the neutral axis at ¢ gy
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Condition 5: Where the force from prestressing
alone will result in ¢ > ¢,,4,, and the capacity based
on the compression zone with ¢ set at ¢,y is not ad-
equate to provide adequate resistance, compression
rebar is added. The design capacity is based on the
combined contribution of the force provided by con-
crete in the compression zone and the added rein-
forcement placed in the compression zone, using the
distance to the tendons’ centroid as lever arm for the
compression rebar. Note that for this condition, the
equilibrium in the format stated in Section 12.2 for
the resisting and demand moments will neither be
satisfied, nor is it necessary to complete the design.

Condition 6: In this case, the demand moment is in
excess of the resistance that can be provided by as-
suming the maximum allowable depth of the com-
pression zone and the maximum compression rebar
that will be in equilibrium with the tensile force pro-
vided by post-tensioning. The overage of demand
moment will then be resisted by a couple that will be
generated through addition of both tension and com-
pression rebar. The location of added rebar along
with the maximum depth of compression zone will
be used to determine the force in the components of
the shortfall couple.

D. Strains in Post-Tensioned Tendons and Strain
Compatibility: Using a linear distribution of strain
over a design section, the strain in each of the sec-
tion’s reinforcement is defined by the ordinate of the
strain diagram associated with the position of the re-
inforcement. For example, in Fig. 12.2D-1 the strain
€s is for the non-prestressed reinforcement A;. The
same is not true for prestressed steel, be it pre- or
post-tensioned. In addition to the strain shown by
the diagram in Fig. 12.2D-1, there are strain com-
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ponents from prestressing. The following describes
the parts that contribute to the total strain in pre-
stressing steel, and how to determine them. It is im-
portant to note that pre-tensioned steel and grouted
tendons are somewhat similar, since they bond to
concrete that contains them. Once the bond is estab-
lished, there is compatibility of strain between the
prestressing steel and the concrete that encases it.
Unbonded tendons, on the other hand, do not follow
the strain compatibility associated with grouted ten-
dons. Their strain at ULS is based on experimental
data, using empirical relationships given in respec-
tive building codes. The following explains the strain
at ULS for grouted tendons.

Refer to Fig. 12.2D-1. The strain in prestressing ten-
dons is given by

Eps= Eset Ece + € (Exp 12.2D-1)
Where,
€ps =  strainin prestressing steel at strength limit

state, that is when section develops its nom
inal moment capacity;

€e =  strainin prestressing steel due to effective
stress in tendon after all losses have taken
place (zero dead and live load assumption);

€p =  strainin concrete at level of prestressing
steel centroid when section develops its
nominal strength; and

€ = concrete strain at level of tendon centroid,
after all tendon losses have taken place and
no load on the structure. This strain is also
referred to as decompression strain.

The determination of the location of the neutral axis
“c” for the general case—where the section has mul-
tiple layers of reinforcement—is done by trial and

error, using the following procedure.

i. Assume concrete strain at the compression fiber
to be the code specified value of 0.003 or 0.0035;
depending on the code used;

ii. selecta trial value for the depth of the neutral
axis “c”;

iii. using the value of “c” construct a linear distribu-
tion of strain through the depth of the section
passing through the previous two points;

iv. using the assumed strain distribution, determine
the stress of each rebar, or the prestressing steel
using the procedure described below;

v. calculate the force in the compression zone and
the tensile reinforcement;

- .

Post-Tensioned Buildings

vi. apply the material factor to each of the calculated
forces if so required by the respective building
code; and

vii. check the equilibrium of section (T=C). If the
equilibrium is not satisfied, modify “c” and repeat
the above steps, until the correct value of “c” is
determined.

The following numerical example helps to explain
the significance of each strain component.

EXAMPLE 1: ACI 318-Strain Compatibility Design
Example for Bending

PTS377
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FIGURE EX1-1 Geometry of Section

Using strain compatibility, determine the moment
design capacity ( $M,, ) of the section shown:

Given:

Geometry:

Depth (h) =27 in (686 mm)

Stem width (b) = 13 in (330 mm)

Distance to tendon (d,) = 22 in (556 mm)
Distance to rebar (d, = d; )= 24 in (610 mm)
Concrete:

f'-=4000 psi (27.58 MPa)

E.=3605 ksi (24,856 MPa)

Prestressing:

3 - Y2 in strand; A,;= 3 x 0.153 = 0.459 (296 mm?)
Grouted system

Spu=270Kksi (1860 MPa)

Eps=28000 ksi (193,050 MPa)

Effective stress, f;. =175 ksi(effective stress after all
losses) (1,206 MPa)

Rebar:

fy =60 ksi (413.69 MPa)

E;=29000 ksi (199,945 MPa)
1#6;As=0.44 in? (284 mm?)

Strength reduction factor @ = 0.90

Section Design for Bending
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FIGURE EX1-2 Distribution of Strain at Strength
Limit State

Required:
Design moment capacity ®M,,

1 - Determine the depth of neutral axis

Using trial and error, the depth of neutral axis “c”
that satisfies the equilibrium of forces (T=C) is deter-
mine to be 4 in. (102 mm). The distribution of strain
over the section, based on maximum concrete strain
(0.003) and 4 in (102 mm) depth of the neutral axis
is shown in Fig, EX1-2.

2 - Determine the strains

2.1 Rebar

€s = (20/4) x 0.003 = 0.015 > (f,/E) = 60/29000 =
0.00207

Hence, rebar yields

2.2 Prestressing

Eps= Ese + EceHEp
Ese = fse/ Eps= 175/28000 = 0.00625

e, =F l+£ /5,
4 1

ce pt
Where,

A = gross area of cross section;

e = eccentricity of tendon with respect to the cen-
troid of gross cross section; and

I = moment of inertia of section.

A=13x27 =351in% (226451 mm?)

13x27°
I X
Fpe =175 x 0.459 = 80.33 k (357.32 kN)
e=22-27/2=8.5in (216 mm)

1 8.5 »
e =8033 —+ /3605 =1.39x10
- 21323

351

= 21323in* (8.875e+09 mm4)
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FIGURE EX2-1 Geometry of Section

¢, =(18/4)x0.003=0.0135

€y = 0.00625 + 0.0135 + 0.000139 = 0.0199
fos = €ps X Eps=0.0199 28000 > 270 ksi

use 270 ksi (1860 MPa)

3 - Determine the forces
a=p;c=0.85x4=34in (86 mm)
C,=0.85x4x13x3.4=150.28k (668.48 kN)
T,=0.44x60 =264k (117.43 kN)
Tps=3x0.153 x 270 = 123.93 k (551.27 kN)

4 - Check equilibrium

C=C.=150.28 k (668.48 kN)

T=Ts+ Tps=26.4+123.93 =150.33 k (668.70 kN)
C=T OK

5 - Calculate design capacity

c/d;=4/24=0.167 < 0.375, hence ® = 0.9

Take moments about the centroid of compression
block

OM, =

0.9x [123.93(22-3.4/2)+26.4o(24-3.4/2)] 3
2794.05 k-in (315.68 kNm)

®M,, =2794.05/12 = 232.84 k-ft (315.68 kNm)

EXAMPLE 2: EC2 Strain Compatibility Design Ex-
ample for Bending

Using strain compatibility, determine the design ca-
pacity (®M,) of the section shown using EC2* : The
section represents one meter strip of a floor slab
construction (Fig. EX2-1).

Given:
Geometry:

Depth (h) =280 mm (11 in.)
3 EC2(EN 1992-1-1:2004(E)), Section 6.1
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Width (b) = 1000 mm (39.37 in.)
Distance to tendon (d,) = 242 mm (9.53 in.)
Distance to rebar (d, = d;) = 249 mm (9.80 in.)
Distance to compression rebar (d)=33 mm (1.30 in.)
Concrete:
f’c (28 day cylinder) = 30 MPa (4,351 psi)
fea (concrete design stress)= 30/1.5 = 20 MPa
(2,901psi)
Modulus of elasticity, E, = 32835 MPa (4,762 ksi)
Prestressing:
3 - 13 mm strand; A,; = 3 98 = 294 mm? (0.46 in2)
Grouted system
fpu=1,860 MPa (270 ksi)
E,s=200,000 MPa (29,008 ksi)
Effective stress, f,, = 1,200 MPa ( 174 ksi) (after all
losses)
Material factor, y,, = 1.15
Rebar:
fy =460 MPa (66.72 ksi)
E;=200,000 MPa (29,008 ksi)
Ag (bottom) = 4 - 12 mm bars = 4 x 113 = 452 mm?
(0.70 in?)
A (top) =2 - 16 mm bars = 2 x 201 = 402 mm? (0.62
in?)

Ym =115

Required:

Moment capacity M,,

PTS380
—&¢=0.0035
€=36.56 mm , .
) 205.44/mm
7 212.44 mm

. S
FIGURE EX 2-2 Distribution of Strain at Strength
Limit State (ULS)

Using the procedure described earlier, the depth of
the neutral axis “c” that satisfies the equilibrium of
forces (T = () is determine to be 36.56 mm (1.44 in).
The distribution of strain over the section based on

maximum concrete strain (0.0035) and 36.56 mm

. 2

Post-Tensioned Buildings

depth of the neutral axis is shown in Fig, EX-2-2

2 - Check rebar stresses

249 -36.
e = 22=3656) 4 0035 =0.020
36.56
Lo 460 o003
E, 200000

Hence, rebar yields.

36.56 -
g' = 3026233 x0.0035 = 3.408 x10™
36.56
<£= 40 _4.0023
E. 200000

Hence, compression rebar does not yield.
f’s= 3.408 E-4 200000 = 68.16 MPa (9.89 ksi)

3 - Check prestressing values
6‘ps =&t &t Ep
€5 = fse /Eps = 1200/200000 = 0.006

gu.'= pl(l-'_e__)/Ec
A 1

Where,

A = gross area of cross section;
e = eccentricity of tendon with respect to the cen-
troid of gross cross-section; and

= second moment of area of section.
A=1000x 280 = 280000 mm? (434 in2)
1=1000x 2803 /12 = 18.293e + 08 mm*

(2.835 x 10%in%)

Fp=1200 x 98 = 118 kN per strand (26.53 k)
e=242-280/2 =102 mm (4.02 in)

] 102>
£, =3x118x1000 + /32835
(280000 18.293x10*
-998 x 10>
242 -36.56
e, = ——""-1x0.0035=0.01
' ( 36.56 )X "

€,5=0.0060 + 0.0197 + 0.0000998 = 0.026

fos = &ps x Epg = 0.026 x 200000 = 5200 MPa >
0.9 x 1860 MPa;

Section Design for Bending
use 1,674 MPa (242,800 ksi)

4 - Determine force values
o =0.80x36.56=29.25 mm (1.15 in)
C. = (1 x 20 x 29.25 x 1000)/1000 = 584.96 kN
(131.50 k)
C,=[402 x (68.16/1.15)]/1000 = 23.83 kN (5.36 k)
Ty =[452 x (460/1.15)]/1000
= 180.80 kN ( 40.65 k)
Tps=[3 98 (1674/1.15)]/1000=427.96 kN
(96.21 k)

5 - Check equilibrium

C=C.+C;=584.96 + 23.83 = 608.79 kN (136.86 k)

T=Ts+ Ty =180.80 + 427.96 = 608.76 kN
(136.86 k)

C=T OK

6 - Calculate design capacity
¢/h=36.56/280=0.130<0.43

Take moments about the centroid of compression
rebar

M, =[427.96 (242 -33) + 180.80 (249 - 33) + 584.96
(33-29.25/2) ]

M, =139.25kNm (102.70 k-ft)

12.3 BENDING DESIGN BASED ON SIMPLIFIED
CODE FORMULAS

For rectangular and T-sections with simple arrange-
ment of reinforcement, pre-tensioned, or post-ten-
sioned with either bonded or unbonded tendons
(Fig. 12.3-1), major building codes suggest simplified
formulas to calculate the design capacity in bending.
The simplification presented in the code applies to
the determination of stress in prestressing steel at
ultimate limit state. The stress in non-prestressed re-
inforcement and in concrete, as well as distribution
of linear strain over the section, maximum concrete
strain (&) and the maximum depth of compression
zone (Cnqx) are the same as discussed in the preced-
ing for the case of strain compatibility.

12.3.1 ACI 318 Simplified Bending Design*
As an alternative to a more accurate determination

4 ACI 318-11 Section 18.7
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FIGURE 12.3-1 Geometry and Reinforcement

of stress in prestressing steel at ultimate limit state
(fps) based on strain compatibility, the following
approximate values for f, shall be permitted to be
used, if the effective stress in prestressing steel (f;)
is not less than 0.5 f,, (where f,, is the specified ten-
sile strength of prestressing steel).

A numerical example for the application of the ACI-
318 simplified relationship is given in Chapter 6.

A- For Members with Bonded (Grouted) Tendons:

(Exp 12.3.1A-1; US and SI)

If any compression reinforcement is taken into ac-
count when calculating f,, the term in square brack-
ets [ ] shall not be taken less than 0.17 and the dis-
tance from the extreme compression fiber to the
centroid of compression reinforcement shall not be
greater than 0.15d,,.

B- For Members with Unbonded Tendons:
(i) For span-to-depth ratio of 35 or less.

fm =1, +10,OOO+L (Exp 12.3.1B-1 US)
' ' 100 )

In the above relationship f,s shall not be greater than

fop» 00T (f5e + 60,000).

In SI system of units the associated relationship is:

Jos =T +704 L (Exp 12.3.1B-2 SI)
S 1000,
Where, f,s shall not be greater than f,,, nor

(fse +420).
(ii) For members reinforced with unbonded tendons

and span-to-depth ratio greater than 35
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fp: =1, +10,000+L (Exp 12.3.1B-3 US)
300 )

Where, f,; shall neither be taken greater than f,,, nor

greater than (f;, + 30,000)

In SI system of units the associated relationship is:

fl
f: o f;e + 70 + P
& 300 »
Where, f,; shall not be taken greater than Sy nor
greater than (f;, + 210)

(Exp 12.3.1B4 SI)

12.3.2 EC2 Simplified Bending Design
In addition to limitations on x that are repeated be-

low, the following approximations are suggested. Re-
fer to Figure 12.3.2-1

For parabola- rectangle stress-strain diagram

% For f, < 50MPa (7252 psi), x=0.43h
< For f; > 50MPa (7252 psi),
X = (1 . €c2 / gcuZ )h
For bi-linear stress diagram
% For fy <50MPa (7252 psi),  x=0.5h

% For f > 50MPa (7252 psi),

X = (1 - 603 / 6(‘113 )h
The strain parameters ¢ are as defined in Section
3.1.3 of EC2. For 28-day concrete cylinder strength

between 12 and 50 MPa the following values may
be used

&2=0.0020
£qu2=0.0035
£:3=0.00175
€3 = 0.0035
A=038, for f.x < 50MPa (Exp 12.3.2-1)
A= 0.8—(ka _5())/40() for 50 < £, 90 MPa
(Exp 12.3.2-2)
and
n=1,0 for . < 50 MPa (Exp 12.3.2-3)
n=1.0-(f,-50)/200 for50 < fy <90 MPa
(Exp 12.3.2-4)
fea = design value of concrete; f.,/ Y, ; and
Y. = concrete material factor.
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FIGURE 12.3.2 -1 Rectangular Stress
Distribution for EC2 Compression Block

For bonded prestressing steel, strain compatibility
is recommended to determine the stress at ultimate
limit state.

For unbonded tendons ® also the strain compatibility
is recommended to compute a hypothetical strain at
the level of prestressing. The hypothetical strain is
adjusted using the tendon span under consideration
and the total length of a tendon. In the absence of
detailed computation increase in stress above the
stress in tendon at service (fy,) by the following ¢:

* Increase service stress by 100 MPa (14.50 ksi),
A numerical example for EC2 is given in Chapter 6.
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NOTATIONS

Symbols that appear once, or occasionally, are defined
at the location where they appear. The following lists
the symbols that are used more frequently, butare not
necessarily defined at each instance of use.

A, Gross cross-sectional area of concrete

Aps  Cross-sectional area of prestressing steel

Agproy Provided area of reinforcement in member

Agrequ Required amount of reinforcement

A Cross-sectional area of non-prestressed steel

A, Cross-sectional area of shear reinforce-
ment

c Depth of compression zone of member in

bending
d Effective depth of member
d; Distance of compression fiber to farthest ten-

sion reinforcement for members in bending
E Modulus of elasticity

E. Modulus of elasticity of concrete

E, Modulus of elasticity of concrete on day;
typically other than 28

E; Modulus of elasticity of non-prestressed steel

f'e Specified 28 day strength of concrete cylinder
[ACI]

foc  Specified 28 day strength of concrete
cylinder [EC2]

fer Cracking stress in concrete [EC2]; same as f,
and f .y, in the context of this book

feter  Tensile strength of concrete at cracking in
bending [EC2]*

fem  mean axial tensile strength of concrete [EC2],
Table 3.1°

fpx  Yield stress of prestressed reinforcement

fps Stress in prestressing steel at flexural ultimate
strength

fpu  Specified tensile strength of prestressing steel

fr Modulus of rupture stress; cracking stress of
member in bending

1 EN 1992-1-1:2004(E), Section 7.1(2) and 7.3.2(4)
2 EN 1992-1-12004(E), Table 3.1
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fse
fy
fyk

f ywd

f ywdef

HYP

N

St

Wi

B

Effective stress in prestressing steel after all
losses

Yield stress of non-prestressed reinforcement
[ACI]

Yield stress of non-prestressed reinforcement
[EC2]

Yield stress of shear reinforcement [EC2]

Allowable stress of shear reinforcement [EC2]

Member depth

Hyperstatic actions, moment, shear, axial
from prestressing forces (secondary actions)

Wobble coefficient of prestressing strand
[rad/ft; rad/m]

Cracking moment of a member under bend-
ing and axial force

Nominal flexural capacity of a member under
axial and bending moment [ACI]

Design moment; factored moment for
strength limit state [ACI]

Number of bars across the assumed critical
section in shear design

spacing of shear bars in direction of spine;

spacing of shear bars transverse to radial
direction;

Intensity of load from either a serviceability
or strength load combination [ACI]

Design shear; factored shear force for
strength limit state [EC2]

Design shear; factored shear force for
strength limit state (ACI)

Intensity of lateral force exerted by a pre-
stressing tendons; balanced load intensity

Design crack width [EC2]
Depth of compression zone [EC2]

Factor to determine the depth of rectangular
compression zone for members in bending
[ACI]

Factors for reduction of material properties
[EC2;TR43]

Strain of farthest compression fiber for mem-
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ber in bending U Friction coefficient of prestressing strand DATA CONVERSION TABLES
& Strain in farthest tension reinforcement for between tendon and its sheathing (duct)
member in bending [/rad]
&2  Maximum concrete strain in bending from p Reinforcement ratio
Table 3.1 of EC2 [EC2] 0.  Average precompression [EC2] _ _
€z  Maximum concrete strain in bending from @ Strength reduction factor [ACI] TABLE D-1 ASTM Standard Reinforcing Bars (T179)
Table 3.1 of EC2 [EC2] ) ] _ Bar size Nominal dimensions
e Maxi L _ W Factor of design load to be considered in load . - : 3
3 aximum concrete strain in bending from combination [EC2] Designation Diameter Area Weight or mass
Table 3.1 of EC2 [EC2] . _ _ US customary SI in. mm in? mm?2 Ib/ft kg/m
P Maxi o _ 0] Tension reinforcement index [ACI]
cu3 aximum concrete strain in bending from , _ _ #3 #10 0.375 9.5 0.11 71 0.376 0.560
Table 3.1 of EC2 [EC2] w Compression reinforcement index [ACI] #4 #13 0.500 12.7 0.20 129 0.668 0.994
#5 #16 0.625 15.9 0.31 199 1.043 1.552
#6 #19 0.750 19.1 0.44 284 1.502 2.235
#7 #22 0.875 22.2 0.60 387 2.044 3.042
#8 #25 1.000 25.4 0.79 510 2.570 3.973
#9 #29 1.128 28.7 1.00 645 3.400 5.060
#10 #32 1.270 32.3 1.27 819 4.303 6.404
#11 #36 1.410 35.8 1.56 1006 5.313 7.907
#14 #43 1.693 43.0 2.25 1452 7.650 11.380
#18 #57 2.257 57.3 4.00 2581 13.600 20.240

* Many mills will mark and supply bars only with metric (SI} designation, which is a soft conversion. Soft conversion means that
the metric (SI) bars have exactly the same dimensions as the equivalent U.S. customary designation

TABLE D-2 Properties and Resistance of Prestressing Strands (T178)

Seven-Wire Strand, fpu = 1860 MP,
Size Designation 9 11 13 13 Special 15
Nominal diameter mm 9.53 11.13 12.70 13.08 15.24
Nominal linear mass  kg/m 0.432 0.582 0.775 0.788 1.109
Nominal area mm? 54.8 74.2 98.7 107.7 140.0
0.7 fou Aps kN 71.3 96.6 128.5 140.5 182.3
0.8 fpu Aps kN 81.5 110.4 146.9 160.6 208.3
fou Aps kN 101.9 138.0 183.6 200.3 260.4

TABLE D-3 Properties and Resistance of Prestressing Strands (T177)

Seven-Wire Strand, fpu = 270 ksi
Nominal diameter in. 3/8 7/16 % 9/16 0.600
Linear mass plf 0.29 0.40 0.52 0.65 0.74
Area in2 0.085 0.115 0.153 0.192 0.217
0.7 fou Aps kips 16.1 21.7 289 36.3 41.0
0.8 fou Aps Kips 18.4 24.8 33.0 41.4 46.9
fou Aps kips 23.0 31.0 413 51.8 58.6

Post-Tensioned Buildings
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Post-Tensioned Buildings Data Conversion Tables 14-3
TABLE D-4 Conversion Table for US Customary System of Units to SI and MKS System of Units (T180) TABLE D-5 Conversion Table for SI System of Units to American Customary System of Units (T181)
American Units ST Units MKS Units SI Units American Units MKS Units
If you have... Multiply by... To obtain... Multiply by... To obtain... If you have... Multiply by... To obtain... Multiply by... To obtain...
25.400 mm 2.5400 cm 0.039370 in 0.1 cm
in, mm 001 m
0.02540 m 0.02540 m 3.2808E-3 ft 0.
Lcngth Length -
304.8 mm 30.48 cm e 39.370 in 100 cm
fi m
0.3048 m 0.3048 m 3.2808 ft 1.0 m
645.16 mm? 6.4516 cm? 1.5500E-3 in2 0.01 cm?
in.2 mm? 5
6.4516E-4 m? 1.0764E-5 fr
Area Arca .
) 92903 o 929.03 om? r ] 1550.0 in? 10000 cm?
fi m
0.092903 m? 10.764 fi?
4.4482 N 0.45359 kg* 0.22481 Ibs 0.10197 kg *
b N '
4.4481E-3 kN 4.5359E-4 T 2.2481E-4 kips 1.10197E-4 T
Force Force k
4448.2 N 453.59 kg 224.81 Ibs 101.97 g
ki kN A
i 4.4482 kN 0.45359 T 0.22481 kips 0.10197 T
Ib/ft 14.594 N/m 1.4882E-3 T/m 68.522 Ib/ft 0.10157 T/m
Force/Length Force/Length kN/m
K/t 14.594 kN/m 1.4882 T/m 0.068522 K/ft
1.3558 N-m 13.825 kg-cm 0.73756 Ib-ft 10.197 kg-cm
Ib-ft N-m
iy 1.3558E-3 kN-m 1.3825E-4 T-m 7.3756E-4 k-ft 1.0197E-4 T-m
Moment Moment
1355.8 N-m 13825 kg-cm ° 737.56 Ib-ft 10197 kg-cm
k-ft kN-m T
1.3558 kN-m 13825 T-m 0.73756 k-fi 0.10197 -m
g 2
6.8948E-3 MPa 0.070307 kg/cm? 145.04 psi 10.197 kg/cm
psi 6.8948 kN/m? 0.70307 T/m? MPa 0.14504 ksi 101.97 T/m?
Stress 7.0307E-5 T/cm? 0.010197 T/cm?
Stress = . Ke/cm?
6.8948 MPa 70.307 kg/em? 0.14504 psi 0.01019 glc
ksi 6894.8 kN/m? 703.07 T/m? kN/m? 1.4504E-4 ksi 0.10197 T/m?
0.070307 T/cm? 1.0197E-5 T/cm?
16.019 kg/m3* 16.019 kg/m?* kg/m? 0.062427 pef 0.001 T/m>
Unit weight pcf Unit weight o/
0.15709 KN/m? 1.6019E-2 T/m3 kN/m? 6.3659 pef 101.97 g/
47.880 N/m? 4.8824 kg/m? 0.020885 psf 0.10197 kg/m?
sf N/m?2
d 0.047880 kN/m? 4.8824E-3 T/m? 2.0885E-5 ksf 1.0197E-4 T/m?
Area Load Area Load 2
47880 N/m? 4882.4 kg/m? 20.885 psf 101.97 kg/m?
ksf kN/m?2 T/m?
47.880 kN/m? 4.8824 T/m? 0.020885 ksf 0.10197 m
o 2
Vfe v fe (psi) 0.083035 v £ (MPa) 0.26515 V e (kg/em?) VEe v fc (MPa) 12.043 v £ (psi) 3.1933 v fe (kg/om?)
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TABLE D-5 Conversion Table for SI System of Units to American Customary System of Units (T181)

MKS Units American Standard Units SI Units
If you have... Multiply by... To obtain... Multiply by... To obtain...
0.39370 in 10 mm
cm
0.032808 ft '
Length = =
39.370 in 1000 mm
m
3.2808 ft 1.0 m
0.15500 in2 100 mm?
cm?
1.0764E-3 fi2
Arca
1550.0 in2 1.0E+6 mm?
m?2
10.764 fi2
. 2.2046 lbs 9.8067 N
g
2.2046E-3 kips 9.8067E-3 kN
Force
- 2204.6 lbs 9806.7 N
2.2046 kips 9.8067 kN
0.67197 1b/ft 9.80
kg/m 67 N/m
6.7197E-4 k/ft 9.8 -
Force/Length o i
671.97 lb/ft 9806.7 N/m
T/m
0.67197 k/ft 9.8067 kN/m
0.072330 Ib-ft 0.098067 N-m
kg-cm
7.2330E-5 k-ft 9.8067E-5 kN-m
Moment
7233.0 1b-ft 9806.7 N-m
T-m
7.2330 k-ft 9.8067 kN-m
14.223 psi 0.098067 MPa
kg/cm?
0.014223 ksi 98.067 kN/m?
Stress
14223 si 98.
Tiem? p 8.067 MPa
14.223 ksi 98067 kN/m?
kg/m3 0.062427
Unit weight g pcf 9.8067 kN/m3
T/in? 62.427 pef 1000 kg/m3
204.82
Area Load T/m? o ! o
0.20482 ksf 9.8067 kN/m?2
V. V fe (kg/cm?) 3.7714 Vv fc (psi) 0.31316 v fc (MPa)
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Analysis
- Analysis and design outline, 4.6.1C
- Analysis methods, 3.5.2E; 4.9
- Analysis Space, 8.2.1B
- Analysis steps, 3.5
- Analytical models, 8.2.1
- Assumptions, 4.9.1
- Beam modeling for analysis, 4.6.6B; 8.4A
- Equivalent Frame Method (EFM), 4.9.4

- Finite element method (FEM), 3.5.2E2; 4.9.5

- Frame analysis, 3.5.2E1
- Physical models, 8.2.1
- Releases, 4.6.7B
- Simple frame method (SFM), 4.9.3
- Stiffness assignment, 4.6.7B; 4.6.7C
- Support condition; definitions, 4.6.7A
Balanced loads
- See load balancing
Beams
- Beam and slab example, 4.6.1
- Beam modeling for analysis, 4.6.6B

- Judicial application of post-tensioning, 4.8.4

- Suggested dimensions, 4.3.3
Column drops

- definition and application, 4.6.3
Construction

- Concrete placing, 2.5.1G

- Conduits, 2.5.1D

- Construction joint, 2.5.2G

- Cost, 4.8.9F

- Grouted Tendons, 2.5.2

- inserts and conduits, 2.5.1D

- Labor, 4.8.9F

- Marking tendon locations, 2.5.3A

- Photo and video recording, 2.5.3B

- Quality control, 4.8.9F

- Unbonded tendons, 2.5.1
Cracking

- Allowable crack width, 4.10.3

- Control; TR43,4.10.4

- Crack width design example; Chapter 7; 7.3

- Crack width limitation, Chapter 6; 4.4

- Crack width significance, 4.10.5.3

- Cracking for functionality, 4.1.2B

- Cracking moment, 4.11.5

- Impact on deflections  , 4.10.6E

- Suggested crack widths, 4.4.1.2

Post-Tensioned Buildings

- Width calculation; EC2, 4.10.3
Deflection

- Allowable values, 4.10.6.2; 4.10.6.3

- Calculation methods, 4.10.6.4

- Closed form formulas, 4.10.6.4

- Comparison of different methods, 4.10.6.5

- Creep deflection, 4.10.6.8

- Deflection for functionality, 4.1.2A

- Example , Chapter 6; section 7.5

- Finite element method; cracking, 4.10.6F

- Finite element method; no cracking, 4.10.6E

- Live load deflection, 4.10.6.7

- Long-term deflection, 4.10.6.8

- Measurement of deflections, 4.10.6.2B

- One-way ACI, transition design, Chapter 7; Sec-
tion 7.5

- Outline of deflection, 4.10.6

- Shrinkage deflection, 4.10.6.8

- strip method of calculation, 4.10.6.4B

- Strip method of calculation; with cracking,
4.10.6.4C

- Strip method; cracking; numerical integration,
4.10.6.4D

Design

- Actions on design section, 4.9.5.5

- Analysis and design outline, 4.6.1C

- Beam frame design example, Chapter 7

- Bending design, 12.1

- Characteristics of PT design, 3.4

- Column supported floor example, Chapter 6

- Computer based example, 8.5

- Cracking Moment

- Design, 3.5.2G

- Design actions, 3.5.2F, 4.9.5.5,4.11.4A

- Design for fire resistivity, 4.4.2D

- Design objectives, 4.1

- Design of concrete compared to glass, 3.3B

- Design of glass, 3.3A

- Design sections, 3.5.2D

- Design steps, Chapter 5, 3.5.1

- Design strip configuration, 3.5.2H

- Design strips, 3.5.2C

- Ductility, 4.11.3A

- Ductility requirements, 12.14, 12,1B:12.1C

- Extraction of design values, 8.4E

- Joist slabs, 4.6.5

- Legality as a design requirement, 4.1.4
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- One-way, 4.5.4

- Procedure, 3.2

- Punching shear; 4.11.6

- Redistribution of moments, 4.11.3

- Requirements, 3.1

- Strain compatibility for moment design, 12.2
- Strength design (moment and axial), 4.11.4

- Strip method, 4.5.2

- Structural modeling, 3.5.2

- Two-way floor slab design example, Chapter 6;

4.5.4
- Waffle slabs, 4.6.4B
Design Strip
- See design
Drop Caps
- See column drops
Drop Panels
- Definition, 4.6.3
Ductility
- Ductility for load path, 4.5.1
- Ductility provided through code compliance,
3.3B
Durability
- Cover to reinforcement, 4.4.1.1
- Exposure to corrosive elements, 4.4.1
- Requirements, 4.4
- Wear, 4.4.3
Economics of post-tensioning
- Construction cost, 2.6.2
- Cost, 2.6
- Economy as a service requirements, 4.1.3
- Labor cost, 2.6.2B
- Quantities, 2.6.1B
- Quantity of reinforcement for detailing, 2.6.1D
- Unit cost of material, 2.6.2A
Effective Flange
- See effective width
Effective width
- Application in finite element method, 4.8.3.1A
- Definition, 4.8.3
- Effective width for axial loads, 4.8.3.2
- Effective width for strength design, 4.8.3.3
- Numerical example, Chapter 7; Section 1.2
Elongation
- Elongation, 10.3.2
- Measurement, 2.5.11
- Seating loss, 10.3.2
- Stressing records, 2.5.1K
Equipment
- Dead end creation, 2.5.2A
- Flame cutting, 2.5.1M
- Grouting, 2.5.2K

’
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- Plasma cutting, 2.5.1M
- Stressing jack, 2.5.2G;2.4.3A
Equivalent Frame Method (EFM)
- Description, 4.9.4
Examples
- Beam frame Design, Chapter 7
- Computer based floor example, 8.5.1
- Friction loss example, 10.5.1
- Long-term stress loss example, 10.5.1
- Section under bending, 12.2
- Two-way floor system Design, Chapter 6
Fabrication drawings
- Rebar example, 3.3B
Finite Element Method
- Description, 4.9.5, 4.9.5.1A
- Discretization, 4.9.5.2
- Forces and stresses, 4.9.5.3A, 4.11.4A
- Forces on design sections, 4.9.5.5
- Mesh density, 4.9.5.4
- Mesh discretization for concrete vs glass, 3.3B
- Meshing, 8.4C
- Nodal integration, 4.9.5.3B
- Stress integration, 4.9.5.3B
Fire
- Design charts for fire resistivity, 4.4.2C
- Design for fire resistivity, 4.4.2D
- Fire protection, 4.4.2
- Fire resistivity for service condition, 4.1.2E
- Minimum cover for fire protection, 4.4.2A
- Minimum member thickness, 4.4.2B
- Restrained and unrestrained members, 4.4.2A
Floor systems
- Floor types, 2.3.2, 4.6.1
- Joist slabs, 4.6.5
- Podium floors, 2.3.3
- Transfer plates, 2.3.4
- Waffle slabs, 4.6.4
Friction
- See stress losses
Functionality
- See Service consiton (SLS)
Ground-supported slabs
- Center lift, 2.3.7
- Edge lift, 2.3.7
- Industrial, 2.3.6
- Mat foundation, 2.3.5
- On expansive soil, 2.3.7
- S0G, 2.3.7
Grouted System
- Construction, 2.5.2
- Construction joint, 2.5.2G
- Corrugated ducts, 2.5.2A

Index

- Dead ends , 2.5.2A

- Finishing, 2.5.2F

- Flat ducts, 2.5.2A

- Grouting, 2.5.2K

- Installation, 2.5.2C

- Material and delivery, 2.5.2A

- Plastic ducts, 2.4.2A

- Repair, 2.7.1

- Stressing records, 2.5.2H

- Tendon stressing, 2.5.2G

- Tendon tail cutting, 2.5.2]
History of Post-Tensioning

- Early attempts, 1.2A

- Early hardware, 1.2B

- First buildings, 1.2C

- Unbonded tendon development, 1.2D
Hyperstatic actions

- Continuum structures ,4.11.2.4

- Definition, 4.8.6

- Direct method of evaluation, 4.11.2.2A

- Example - continuum structures, 4.11.2.4

- Example - segmentally constructed structures,

4.11.2.5

- Example of a design strip, 4.11.2.3

- Example; 2-way system, Chapter 6; Section 8.2

- Example; beam frame, Chapter 7; section 8.2

- Inclusion in safety checks, 4.11.2

- Indirect method of evaluation, 4.11.2.2B

- Segmentally (phased) construed structures,

411.25

Initial Condition

- Bursting reinforcement, 4.12.3

- Description, 4.12

- Example, Chapter 6 and 7; Section 9

- Failure; crushing of concrete, 4.12.3

- Load combination, 4.12.1

- Stage stressing, 4.12.5

- Stress check, 4.12.2

- Stresses at jacking, 4.12.4
Joist Slabs

- Description, application and design, 4.6.5
Load balancing

- Calculation of balanced loads, Chapter 6; 6.4

- Description, 4.8.1

- Extended load balancing, 1.2C; 4.8.1C; 11.2.1B

- First introduction, 1.2C

- Overview and design checks, 4.8.6.2E

- Simple load balancing, 4.8.1B; 11.2.1A
Loading

- Combinations, initial condition, 4.12.1

- Combinations, serviceability, 4.10.1

- Combinations, strength, 4.11.1
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- Live load, 4.7.3
- Live load reduction, Chapter 6; 3.3
- Prestressing, 4.7.4
- Selfweight, 4.7.1
- Superimposed dead load, 4.7.2
- Wind and earthquake, 4.7.5
Load path
- Description, 4.5
- Example, 4.5.1
- Prerequisites, 4.5.1
Mat foundation
- Description, 2.3.5
Materials
- Bonded (grouted) tendons, 4.2.2C
- Concrete, 4.2.1
- Non-prestressed steel, 4.2.3
- Prestressing steel, 4.2.2
- Rebar, 4.2.3
- Unbonded tendons, 4.2.2B
Non-prestressed Steel
- Properties, 4.2.3
One-way systems
- Examples, 4.6.1
- See “Design”
Parking structures
- Dimension examples, 4.3.4
Post-tensioning
- Anchorage devices, 2.4.2B
- Application, 2.3
- Average precompression, 4.8.5
- Basics of construction, 2.5
- Brief description, 2.1A
- Carbon footprint, 2.2A
- Columns, 2.3.11
- Constant force selection, 4.8.7
- construction with unbonded tendons, 2.5.1
- Crack mitigation, 4.8.9C
- Deflection control, 4.8.9D
- Design characteristics, 3.4
- Distinguishing features, 2.2
- Earthquake provision, 2.3.9
- Economics, 2.6
- Effect on column and wall supports, 9.1
- Effective flange ; T-beams, 4.8.3
- Efficiency in service, 4.8.9A
- Elongation, 2.5.11
- External post-tensioning, 2.3.8
- Failure, 4.8.9F
- Floor systems, 2.3.2
- Force selection flow chart, 4.8.2C
- Force selection, 4.8.2
- Grouting equipment, 2.4.4
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- Hardware, 2.4; 4.8.9F

- Impact on multi-story building, Chapter 9

- initial condition, 4.12

- Jacking, 4.12

- Judicial tendon placing, 4.8.4

- Load balancing, 4.8.1

- Load balancing, extended, 11.2.1B

- Load balancing, simple, 11.2.1A

- Material, 2.4; 2.4.1; 4.2.2

- Mono-strand, 2.4.2C

- Multi-strand, 2.4.2C

- Percentage of load to balance, 4.8.2B

- Quantities, material, 2.6

- Restraint of supports, 4.8.9E

- Retrofit, 4.8.9F

- Seismic provision, 2.3.9

- Selection of design parameters, Chapter 6, 6.1

- Stage stressing, 4.12.5

- Stressing, 2.5.1H; 4.2.2D; 4.12

- Stressing equipment, 2.4.3

- System selection, 4.4.1.3; 4.8.9;4.8.9F

- Tendon anchorage position, 4.8.3.2B

- Tendon installation, 2.5.1C; 2.5.2

- Tendons, 4.8.1; 2.2.4A

- Transfer of prestressing, 4.12

- Variable force selection, 4.8.7

- Walls, 2.3.10
Precompression

- Average precompression, 4.8.5

- Calculation of average precompression, 4.8.5.4

- Code compliance of precompression, 4.8.5.3

- Loss of precompression, 2.7.1-1

- Multi-story buildings, 9.3.2

- Precompression in beams and slabs, 4.8.3.2A

- Significance of precompression, 4.8.5.2
Pre-tensioning

- Basics of construction |, 2.1.1B
Punching Shear
- Application of one-way shear to punching,
4.11.6.3.4

- Different code comparisons, 4.11.6.3

- Emperical Design Model, 4.11.6.2

- One-way and two-way shear, 4.11.6.1

- Openings and ACI example, 4.11.6.6A

- Openings and EC2 example, 4.11.6.6B
- Openings and punching shear, 4.11.6.6
- Overview, 4.11.6

- Punching shear example ACI; EC2, 4.11.6.9
- Punching shear using ACI 318, 4.11.6.7
- Punching shear using EC2, 4.11.6.8

- Resisting mechanism, 4.11.6.3

- Shear reinforcement using one-way shear,
4.11.6.4

Post-Tensioned Buildings

- Support geometries, 4.11.6.1
Quantities
- Reinforcement for detailing, 2.6.1D
- Post-tensioning, 2.6.1B
Raft foundations
- See mat foundations
Rebar
- Bursting reinforcement, 4,12,3
- Cover, 4.4.1.1
- Distribution, 4.10.5.3B
- Minimum length- ACI, 4.10.2
- Position - ACI, 4.10.2
- Reinforcement for detailing, 2.6.1D
- Structural detailing, 3.3B
Redistribution of Moments
- Advantages, 4.11.3B
- Definition and procedure, 4.11.3
Reference floor
- Geometry and reinforcement, 2.6.1B
Reinforcement
- see rebar
Releases
- Closure strips, 4.6.7C
- Slip joints, 4.6.7C
Repair
- Change in load path, 2.3.8B
- External post-tensioning, 2.3.8
- Pier 39,2.3.8
- Repair, retrofit, 2.7;4.8.9F
- Restore geometry, 2.3.9
Restraint of supports
- Effect on precompression, 9.3
Retrofit
- See repair
Safety
- Cracking moment, 4.11.5
- Example for beam frame, Chapter 7; Section 8
- Example for two-way system, Chapter 6; Section 8
- Ultimate Limit State ULS, 4.1.1
Safety Requirements/Checks
- Description, 4.11
- Hyperstatic actions, 4.11.2
- Load combinations, 4.11.1
Secondary Moments
- See hyperstatic actions
Service Condition (SLS)
- ACl requirements, 4.10.2
- ACl serviceability flow chart, 4.10.2
- Allowable stresses, 4.10.2; 4.10.5
- Beams and one-way systems ACI flow chart
4.10.2B
- Cracking, 4.1.2B

y

Index

- Deflection, 4.1.2A
- Description, 4.1
- Durability, 4.1.2C
- EC2 requirements, 4.10.3
- EC2 serviceability check flow chart, 4.10.3
- Example for 1-way systems, Chapter 7; section 7
- Example for 2-way systems, Chapter 6, section 7
- Fire resistivity, 4.1.2E
- Flow chart ACI; 2-way, 4.10.2
- Functionality, 4.1.2
- Load combinations, 4.10.1
- Maintenance, 4.1.2F
- Minimum bar length, 4.10.2
- Minimum rebar, 1-way system and beams,
4.10.2B
- Minimum rebar, 2 way ACI, 4.10.2A
- One-way systems ACI, 4.10.2B
- TR43 Requirements, 4.10.4
- TR43 serviceability flow chart, 4.10.4
- Two-way systems, 4.10.2A
- Wear, 4.4.3
Shear
- One-way, 4.11.7
- One-way design example, Chapter 7; Section 8.5
- punching shear - see punching shear
- Two-way shear - see punching shear
Shop Drawings
- See fabrication drawings
Shoring
- Re-shoring, 2.5.1L
Simple Frame Method (SFM)
- Description, 4.9.3
Sizing
- Beam dimensions, 4.3.3
- Sizing examples, 4.3.4
- Slab thickness, 4.3.2
- Span length, 4.3
- Span to depth ratios, 4.3.2
Slab bands
- Definition and application, 4.6.2
Slab-on-Ground SOG
- See ground supported slabs
Software
- ADAPT-PT, 1.2D
- BIM, 8.2
- Computer application, Chapter 8
- Early software, 1.2D
- Modern design tools, 1.2E
- Ptdata, 1.2D
Stress Losses
- Description, Chapter 10
- Friction coefficient values, 10.3.1
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- Friction loss example, 10.5.1; 11.1A
- Long-term loss example, 10.5.1; 11.1C
- Losses from creep, 10.4.2
- Losses from relaxation, 10.4.4
- Losses from Shrinkage, 10.4.3
Stresses
- Allowable values, 4.10.24; Chapter 6, 4.3
- Application for code compliance, 4.10.5
- Definition for code compliance, 4.10.2A
- Distribution, 4.10.5.3
- Friction losses, 10.3
- Hypothetical stresses, 4.10.2A
- Long-term losses, Chapter 10
- Losses, Chapter 10
- Significance of allowable values, 4.10.5
Stressing
- Approval of records, 2.5.1K
- Elongation, 2.5.11
- Position of tendon anchorage , 4.8.3.2B
- Preparation, 2.5.1H
- Recess block finishing, 2.5.1N
- Stressing, 2.5.1]
- Stressing records, 2.5.1]
Strip Method
- Outline of strip method, 4.5.2
Structural System
- Slab systems, 4.6.1
Support Lines
- Definition, 3.5.2B
Temperature
- Effects on multi-story buildings 9.3.1
Tendons
- Arrangement, 4.8.8
- Basic tendon profile, 4.8.1A
- Comparison of modeling options, 11.2.3
- Cover for fire protection, 4.4.2A
- Cutting strand tails, 2.5.1L
- Cutting using abrasive saw, 2.5.1M
- Failure, 4.8.9F
- Finishing after stressing, 2.5.1
- Flame cutting, 2.5.1M
- Judicial placing of tendons, 4.8.4
- Layout, 4.8.8; 4.8.9F
- Modeling as load resisting element, 11.2.2
- Modeling for analysis, 8.4B, Chapter 11
- Modeling requirements, 11.1
- Modeling through discretization, 11.2.1D
- Modeling through primary moments, 11.2.1C
- Plasma cutting, 2.5.1M
- Pocket shear, 2.5.1M
- Position of tendon anchorage, 4.8.3.2B
- Profile, 4.8.8D
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- Repair, 4.8.9F

- Spacing, 4.8.8C

- Tendon forces, 4.8.1A

- Tendon shapes, 4.8.1A
Transfer of prestressing

- See initial condition
Transfer Plates

- Description, 2.3.4
Two-way system

- See design
Ultimate Limit State (ULS)

- See safety requirements/Checks
Unbonded System

- Construction, 2.5.1

- Development, 1.2D

- Fabrication and delivery, 2.5.1A

Post-Tensioned Buildings

- Installation of non-prestressed reinforcement,
2.5.1B
- Repair 2.7.2
- Tendon installation, 2.5.1C
Vibration
- Vibration for service condition, 4.1.2D; 4.10.7
Waffle Slab
- Analysis and design, 4.6.4B
- Examples, 4.6.1B; 4.6.4
- Geometry and construction, 4.6.4A
- Retrofit, 2.7.2-1
Wear
- See durability
Wedges
- Wedge cracking, 2.5.1]
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